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ABSTRACT 
The t h i n f i l m CdS-Cu 2S s o l a r c e l l i s p o t e n t i a l l y 
a cheap and e f f i c i e n t d e v i c e f o r c o n v e r t i n g s u n l i g h t 
i n t o e l e c t r i c a l e n e r g y , b u t t h e r e a r e v a r i o u s d i f f i c u l t i e s 
w h i c h p r e s e n t i t s r e a d y f a b r i c a t i o n . These c e n t r e on 
t h e CdS base l a y e r and c o n c e r n t h e u n c e r t a i n t i e s i n t h e 
e v a p o r a t i o n p r o c e s s . M o r e o v e r , t h e p r o p e r t i e s o f t h e 
h e t e r o j u n c t i o n i t s e l f a r e n o t w e l l u n d e r s t o o d d e s p i t e 
t h e p r o f u s i o n o f t h e o r e t i c a l m o dels. 
T h i s t h e s i s d e s c r i b e s an i n v e s t i g a t i o n i n t o t h e 
p h y s i c a l and e l e c t r i c a l p r o p e r t i e s o f vacuum e v a p o r a t e d 
CdS l a y e r s on a v a r i e t y o f s u b s t r a t e s , as a f u n c t i o n o f 
t h e p r e p a r a t i v e c o n d i t i o n s , i . e . e v a p o r a t i o n r a t e , 
s u b s t r a t e t e m p e r a t u r e , f i l m t h i c k n e s s , and s o u r c e 
p u r i t y . The H a l l m o b i l i t y , r e s i s t i v i t y and p h o t o -
s e n s i t i v i t y have been measured i n b o t h e p i t a x i a l and 
p o l y c r y s t a l l i n e l a y e r s . X-ray s t u d i e s r e v e a l e d t h a t a 
f i b r e - a x i s o r i e n t a t i o n e x i s t e d i n t h e t h i c k e r p o l y -
c r y s t a l l i n e f i l m s , and t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y 
e n a b l e d s e v e r a l d e f e c t s i n t h e e p i t a x i a l l a y e r s t o be 
i d e n t i f i e d . I t was e s s e n t i a l t o use a ' h o t - w a l l ' 
t e c h n i q u e t o d e p o s i t r e p r o d u c i b l e f i l m s . S i n c e s o u r c e 
p u r i t y a f f e c t e d t h e g r o w t h and s u b s e q u e n t e l e c t r i c a l 
p r o p e r t i e s o f t h e f i l m s , i t was n e c e s s a r y t o use 
r e - c r y s t a l l i s e d CdS as t h e e v a p o r a n t , and i t was 
p r e f e r a b l e t o employ e l e c t r o n beam e v a p o r a t i o n . 
Dopants such as i n d i u m were r e a d i l y i n c o r p o r a t e d i n t o 
t h e f i l m s . Much o f t h e CdS f i l m b e h a v i o u r can be 
e x p l a i n e d i n terms o f t h e e v a p o r a t i o n and c o n d e n s a t i o n 
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k i n e t i c s . An A p p e n d i x d e s c r i b e s s i m i l a r work on 
t h e p r o p e r t i e s o f CdSe l a y e r s . 
I n v e s t i g a t i o n s i n t o t h e e l e c t r i c a l p r o p e r t i e s 
o f j u n c t i o n s p r e p a r e d by c h e m i - p l a t i n g Cu^S on b o u l e 
CdS s u g g e s t e d t h a t t h e b e s t c e l l s were made w i t h 
c opper-doped CdS. Open c i r c u i t v o l t a g e was h i g h e s t 
i f t h e base r e s i s t i v i t y was a few hu n d r e d ohm cm. 
The e x i s t e n c e o f a p h o t o c o n d u c t i v e i-CdS r e g i o n i n 
h e a t - t r e a t e d c e l l s was d e m o n s t r a t e d by t h e p r e s e n c e 
o f l o n g t i m e c o n s t a n t s and q u e n c h i n g e f f e c t s . The 
i m p o r t a n c e o f t h e CdS s u r f a c e t r e a t m e n t was a l s o 
shown. 
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CHAPTER 1 : THE PHOTOVOLTAIC EFFECT 
1 . 1 HISTORY OF PHOTOELECTRICITY 
1.1.1 Many o f t h e c l a s s i c a l " e f f e c t s " o f 
P h y s i c s and e s p e c i a l l y t h o s e phenomena d i s c o v e r e d i n 
t h e 1 9 t h c e n t u r y , bear t h e name o f t h e i r d i s c o v e r e r 
o r o f a l e a d i n g i n v e s t i g a t o r . However, a l l b u t one o f 
t h e p h o t o e l e c t r i c e f f e c t s a r e known by a d e s c r i p t i v e 
p h r a s e , and i t i s n o t g e n e r a l l y a p p r e c i a t e d t h a t t h e y 
a l s o were d i s c o v e r e d o v e r a c e n t u r y ago. 
The p h o t o v o l t a i c e f f e c t (P.V.E.) o r g e n e r a t i o n 
o f e l e c t r i c i t y by a b s o r p t i o n o f p h o t o n s , w h i c h i s t h e 
main s t u d y o f t h e p r e s e n t work was i n d e e d known f o r 
many y e a r s as " t h e p h o t o e l e c t r i c e f f e c t " and was t h e 
most w i d e l y a p p l i e d o f t h e phenomena i n v o l v i n g i n t e r -
a c t i o n s between l i g h t and e l e c t r i c i t y . The i n v e r s e 
e f f e c t where an e l e c t r i c f i e l d p r o d u c e s l i g h t e m i s s i o n 
( e l e c t r o l u m i n e s c e n c e ) w i l l n o t c o n c e r n u s , b u t 
s i m i l a r i t i e s i n t h e t h e o r y may be a p p a r e n t . 
A t p r e s e n t t h e emphasis i n r e s e a r c h and 
dev e l o p m e n t has s h i f t e d f r o m P.V. t o p h o t o c o n d u c t i v e 
and p h o t o e m i s s i v e d e v i c e s , w h i c h e f f e c t s were f i r s t 
o b s e r v e d a f t e r d i s c o v e r y o f t h e P.V.E. , and r e c e n t 
p r o g r e s s on P.V, d e v i c e s i s d i f f i c u l t t o a p p r a i s e 
s i n c e t h e m a j o r i t y o f r e p o r t s appear i n p r i v a t e 
c o m m u n i c a t i o n s o r o b s c u r e p u b l i c a t i o n s . ( e . g . N.A.S.A. 
c o n t r a c t r e p o r t s ) . 
1.1.2 A l t h o u g h a P.V.E. was t h e f i r s t p h o t o -
e l e c t r i c e f f e c t t o be o b s e r v e d (by E. B e c q u e r e l , 1839) 
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i t r e q u i r e d an i n c o n v e n i e n t wet c e l l a r r a n g e m e n t 
w h i c h c o n s i s t e d o f two i d e n t i c a l e l e c t r o d e s immersed 
i n an e l e c t r o l y t e . When one e l e c t r o d e was i l l u m i n a t e d 
w i t h l i g h t o f a s u i t a b l e w a v e l e n g t h i t caused a 
p o t e n t i a l d i f f e r e n c e t o be d e v e l o p e d a c r o s s t h e c e l l , 
o r a c u r r e n t t o f l o w i n an e x t e r n a l c i r c u i t . Any 
p r a c t i c a l a p p l i c a t i o n s were n o t s e r i o u s l y c o n s i d e r e d 
u n t i l a s i m i l a r e f f e c t had been r e p o r t e d i n s e l e n i u m 
( 1 8 7 6 ) . L a t e r t h e same e f f e c t was o b s e r v e d i n a wide 
v a r i e t y o f s e m i c o n d u c t i n g m a t e r i a l s : Cu/Cu 20 ( 1 9 2 7 ) , 
AgS, ZnS, PbS. 
The p r e s e n t day i n t e r e s t i n PV d e v i c e s i s 
based on t h e newer m a t e r i a l s o f S i , CdS, CdTe, I n P , 
GaAs, w h i c h a r e more s u i t e d t o t h e g e n e r a t i o n o f 
e l e c t r i c a l power f r o m s u n l i g h t t h a n Cu/Cu^O and Se 
w h i c h have been used m a i n l y i n l i g h t - m e t e r s . 
The B e c q u e r e l - t y p e PVE i s one o f t h e most 
d i f f i c u l t t o e x p l a i n f u l l y , and as a r e s u l t t h e 
e a r l i e r t h e o r i e s o f PV a c t i o n were n e c e s s a r i l y s p a r s e 
and were n o t d e v e l o p e d u n t i l e x p e r i m e n t s on Cu/Cu^O 
" p h o t o c o u p l e s " had been p e r f o r m e d . (For a r e c e n t 
e x a m i n a t i o n o f t h e B e c q u e r e l - t y p e PVE u s i n g a CdS 
e l e c t r o d e , see W i l l i a m s 1 9 6 0 ) . E a r l y models were 
p r o p o s e d by F r e n k e l (1933, 1 9 3 5 ) , Landau and L i f s h i t z 
(1936) , Davydov (1938) , M o t t (1939) , who came t o t h e 
c o r r e c t c o n c l u s i o n t h a t t h e photo-emf a r o s e f r o m a 
n o n - e q u i l i b r i u m c o n c e n t r a t i o n o f m i n o r i t y c a r r i e r s . 
When Chapin e t a l d i s c o v e r e d t h e PV a c t i o n o f p-n 
j u n c t i o n s i n S i i n 1954,much o f t h e ne w l y d e v e l o p e d 
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p-n j u n c t i o n t h e o r y was i n v o k e d t o e x p l a i n t h e 
w o r k i n g s o f t h e d e v i c e . A t t e m p t s t o a p p l y t h i s 
t h e o r y t o t h e Cu o r Cu 2S/CdS PV c e l l r e p o r t e d t h a t 
y e a r (Reynolds e t a l , 1954) were n o t so s u c c e s s f u l , 
and a s i n g l e model f o r t h e p a r t i c u l a r d e v i c e has y e t 
t o be u n i v e r s a l l y a c c e p t e d . 
1.1.3 The second p h o t o e l e c t r i c e f f e c t t o 
be d i s c o v e r e d was t h e p h o t o c o n d u c t i v e e f f e c t (PCE) 
i n s e l e n i u m , by W. S m i t h ( 1 8 7 3 ) . A p h o t o c o n d u c t o r 
changes i t s r e s i s t i v i t y when i l l u m i n a t e d w i t h l i g h t 
o f t h e c o r r e c t w a v e l e n g t h , b u t no photo-emf i s 
g e n e r a t e d and i t s use i n a d e v i c e r e q u i r e ! t h e a d d i t i o n 
o f a power s o u r c e . 
Many o f t h e gro u p I I - gro u p V I compounds w h i c h 
i n c l u d e CdS, t h e m a t e r i a l o f p a r t i c u l a r i n t e r e s t i n 
t h e p r e s e n t work, have been w i d e l y s t u d i e d as p h o t o -
c o n d u c t o r s . I n p r a c t i c a l a p p l i c a t i o n s a compromise 
has t o be made between t h e two i n c o m p a t i b l e r e q u i r e -
m e n t s, t h e speed o f r e s p o n s e and t h e s e n s i t i v i t y , 
i n a s i m i l a r manner t o t h e g a i n and b a n d w i d t h o f an 
a m p l i f i e r . (A. Rose 1963, R.H. Bube 1955,1960). 
1.1.4 The t h i r d o f t h e more i m p o r t a n t 
p h o t o e l e c t r i c e f f e c t s i s t h a t o f p h o t o - e m i s s i o n (PEE), 
w h i c h H. H e r t z o b s e r v e d d u r i n g h i s e x p e r i m e n t s w i t h 
e l e c t r i c a l i n d u c t i o n c i r c u i t s ( 1 8 8 7 ) . He f o u n d t h a t 
a s p a r k i n t h e s e c o n d a r y c i r c u i t p assed a c r o s s a gap 
w i t h g r e a t e r ease when t h a t gap was i l l u m i n a t e d by 
t h e p r i m a r y c i r c u i t s p a r k . F u r t h e r e x p e r i m e n t s showed 
- 4 -
t h i s t o be due t o t h e u-v component o f t h e s p a r k 
f a l l i n g on t h e n e g a t i v e t e r m i n a l o f t h e secondary gap. 
W. H a l l w a c h s (1888) c o n f i r m e d t h e s e r e s u l t s and 
c o n c l u d e d t h a t n e g a t i v e e l e c t r i c a l c a r r i e r s , l a t e r 
i d e n t i f i e d as e l e c t r o n s , were e m i t t e d f r o m t h e cathode 
under u.v. s t i m u l a t i o n . 
The f o u n d a t i o n s o f a l l l a t e r p r a c t i c a l a p p l i c a -
t i o n s o f t h e PEE were l a i d by t h e work o f E l s t e r and 
G e i t e l on t h e much l a r g e r e m i s s i o n f r o m t h e e l e c t r o -
c h e m i c a l l y p o s i t i v e m e t a l s , such as Na and K. P r e s e n t 
day p h o t o c a t h o d e s a r e f a b r i c a t e d f r o m such m a t e r i a l s 
as Cs-O-Ag and Cs^Sb and a r e used as t h e f i r s t s t a g e s 
o f p h o t o m u l t i p l i e r s , t h e most s e n s i t i v e l i g h t d e t e c t o r s 
known. 
1.1.5 Other p h o t o e l e c t r i c a l phenomena s h o u l d 
be m e n t i o n e d . These a r e n o t o f such p r a c t i c a l use, 
b u t a r e e x t e n s i v e l y used i n t h e d e t e r m i n a t i o n o f 
m a t e r i a l p a r a m e t e r s such as c a r r i e r m o b i l i t y . 
(a) The Dember v o l t a g e i s p r o d u c e d i n a 
sample i n a d i r e c t i o n p a r a l l e l t o t h a t o f i l l u m i n a t i o n 
by i n c i d e n t p h o t o n s , as a r e s u l t o f t h e d i f f e r e n t 
d i f f u s i o n r a t e s o f e l e c t r o n s and h o l e s , w h i c h do n o t 
possess t h e same m o b i l i t y . 
(b) A p h o t o p i e z o e l e c t r i c e f f e c t a r i s e s f r o m 
t h e s m a l l l o c a l change i n band-gap o f a s e m i c o n d u c t o r 
when p r e s s u r e i s a p p l i e d t o a p a i r o f o p p o s i n g c o n t a c t s . 
I l l u m i n a t i o n o f t h e specimen d u r i n g t h i s c o m p r e s s i o n 
p r o d u c e s a p h o t o v o l t a g e . 
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(c) The p h o t o - e l e c t r o m a g n e t i c e f f e c t i s 
a n a l o g o u s t o t h e b e t t e r known H a l l e f f e c t . When a 
m a g n e t i c f i e l d i s a p p l i e d t o a sample w h i c h i s b e i n g 
i l l u m i n a t e d i n a d i r e c t i o n a t r i g h t a n g l e s t o t h e 
a p p l i e d f i e l d , a p o t e n t i a l d i f f e r e n c e appears i n t h e 
t h i r d o r t h o g o n a l d i r e c t i o n . T h i s i s due t o t h e 
s e p a r a t i o n by t h e m a g n e t i c f i e l d o f t h e e l e c t r o n s and 
h o l e s c r e a t e d by t h e r a d i a t i o n . 
These e f f e c t s a r e a l l d i s c u s s e d p h e n o m e n o l o g i c a l l y 
i n Tauc's book ( 1 9 6 2 ) , b u t t h e d e t a i l e d t h e o r y must be 
t r e a t e d w i t h c a u t i o n , i n v i e w o f more r e c e n t e x p e r i m e n t a l 
e v i d e n c e . 
1.1.6 A PVE can be p r o d u c e d i n a number o f 
d i f f e r e n t p h y s i c a l s i t u a t i o n s . For example: 
(a) A " b u l k " e f f e c t may be o b s e r v e d when 
a sample i s i l l u m i n a t e d n o n - u n i f o r m l y , o r i f i t has 
a n o n - u n i f o r m i m p u r i t y d i s t r i b u t i o n . 
(b) A b a r r i e r e f f e c t a r i s e s whenever an 
e l e c t r o s t a t i c b a r r i e r e x i s t s w i t h i n t h e sample. T h i s 
w i l l cause c h a r g e s e p a r a t i o n o f o p t i c a l l y - c r e a t e d 
e l e c t r o n - h o l e p a i r s . I l l u m i n a t i o n o f t h e sample 
p r o d u c e s an emf p e r p e n d i c u l a r t o t h e b a r r i e r . The 
b a r r i e r i t s e l f may be a d i f f u s i o n p o t e n t i a l between 
t h e p- and n - t y p e r e g i o n s o f a s e m i c o n d u c t o r j u n c t i o n 
o r between s e m i c o n d u c t o r s w i t h d i f f e r e n t e n e r g y gaps, 
or a s u r f a c e p o t e n t i a l b a r r i e r , o r a j u n c t i o n between 
a m e t a l and a s e m i c o n d u c t o r . The n-CdS/p-Cu 2S 
h e t e r o j u n c t i o n i s a p-n j u n c t i o n w i t h f u r t h e r 
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c o m p l i c a t i o n s a r i s i n g f r o m an i n t e r p o s e d , compensated 
l a y e r o f CdS. 
(c) A t r a n s v e r s e ( o r l a t e r a l ) p h o t o v o l t a i c 
p o t e n t i a l d e v e l o p s when t h e sample a r r a n g e m e n t shown 
i n F i g u r e 1.1 i s i l l u m i n a t e d n o n - u n i f o r m l y . 
I l l u m i n a t i o n p e r p e n d i c u l a r t o t h e j u n c t i o n g i v e s 
r i s e t o a p o t e n t i a l d i f f e r e n c e i n a d i r e c t i o n p a r a l l e l 
t o t h e j u n c t i o n ( W allmark 1 9 5 7 ) . 
S i n c e t h e p - t y p e m a t e r i a l has a h i g h c o n d u c t i v i t y , 
i t a l m o s t i m m e d i a t e l y a t t a i n s a c o n s t a n t p o t e n t i a l 
t h r o u g h o u t , so t h a t h o l e s a r e r e - e m i t t e d i n t o t h e 
n - s i d e o v e r t h e whole j u n c t i o n a r e a t o b a l a n c e t h e 
h o l e s e n t e r i n g the^p-side a t t h e p o i n t o f p a i r c r e a t i o n . 
T h i s has t h e e f f e c t o f c h a r g i n g t h e sample i n t h e sense 
shown. 
S i n c e t h e p o l a r i t y o f t h i s c h a r ge w i l l change 
as t h e l i g h t s p o t passes t h e c e n t r e o f t h e p - r e g i o n , 
t h e d e v i c e i s e x t r e m e l y s e n s i t i v e t o t h e p o s i t i o n o f 
a s m a l l l i g h t s p o t near t h e c e n t r e . 
(d) I n t h i n f i l m s o f most o f t h e I I - V I 
compounds and i n c e r t a i n s i n g l e - c r y s t a l s e m i c o n d u c t o r s , 
a p h o t o v o l t a g e many t i m e s l a r g e r t h a n t h e f o r b i d d e n 
e n e r g y gap may a r i s e . T h i s v o l t a g e can be s e v e r a l 
h u n d r e d v o l t s p e r cm. o f sample l e n g t h ( G o l d s t e i n and 
Pensak, 1959, B r a n d h o r s t e t a l , 1968) and depends on 
t h e sample p e r f e c t i o n , o r on t h e method o f p r o d u c t i o n 
o f t h e t h i n f i l m . One o f t h e most c o n v i n c i n g models 
p r o p o s e d t o e x p l a i n t h i s anomalous e f f e c t s u g g e s t e d 
t h a t t h e c u b i c p h a s e / h e x a g o n a l phase s t a c k i n g - f a u l t s 
w h i c h a r e p r e s e n t i n t h e s e s o l i d s a r e t h e s o u r c e s o f 
+ 
LD 
> ' 
CL 
UJ 
CO 
CC 
UJ 
> 
CO z < 
Q: 
UJ 
X 
O 
u_ 
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t h e b a r r i e r s . The two phases have s l i g h t l y d i f f e r e n t 
e n e r g y gaps and i t i s b e l i e v e d t h a t t h e p o t e n t i a l 
d i s c o n t i n u i t i e s a r e a d d i t i v e and can, t h e r e f o r e , 
g i v e a t o t a l b a r r i e r o f s e v e r a l h u n d r e d e l e c t r o n v o l t s . 
(Ogawa e t a l . 1965, G a g l i a n o e t a l . 1 9 6 7 ) . The h i g h 
impedance o f t h e m a t e r i a l s i n v o l v e d ( e . g . ZnS) has 
p r e c l u d e d any u s e f u l a p p l i c a t i o n s b e i n g made. 
At t h i s p o i n t i t i s u s e f u l t o r e v i e w some o f 
t h e more common p h o t o e l e c t r i c d e v i c e s . Most o f t h e s e 
a p p l i c a t i o n s had o c c u r r e d t o t h e e a r l y r e s e a r c h e r s 
m e n t i o n e d above, b u t had t o a w a i t more advanced 
t e c h n o l o g i e s b e f o r e t h e y c o u l d be r e a l i s e d . 
1.2 PHOTOELECTRIC APPLICATIONS 
1.2.1 E a r l y a p p l i c a t i o n s o f t h e p h o t o c o n d u c t i v e 
and p h o t o v o l t a i c e f f e c t s were a l l v a r i a t i o n s o f 
r a d i a t i o n d e t e c t o r s o r f l u x - m e t e r s . ( Z w o r y k i n and 
Ramberg, 1 9 4 9 ) . P h o t o c o n d u c t i v i t y can be used t o 
d e t e c t most r a d i a t i o n s f r o m i n f r a - r e d t o a t o m i c 
p a r t i c l e s , b u t t h e h i g h e r e n e r g y e m i s s i o n s cause 
damage t o t h e d e t e c t o r , w h i c h i s n o t e a s i l y r e v e r s e d . 
As l i g h t - d e t e c t o r s , p h o t o r e s i s t o r s can be c o m p e t i t o r s 
t o p h o t o m u l t i p l i e r t u b e s when t h e i r s m a l l s i z e and low 
c o s t a r e more i m p o r t a n t t h a n s e n s i t i v i t y . P r o b a b l y 
t h e most common a p p l i c a t i o n i s as a l i g h t - o p e r a t e d 
s w i t c h f o r s t r e e t lamps/ l i f t d o o r s , i n d u s t r i a l c o n t r o l , 
o r i n t r u d e r a l a r m s e t c . A p h o t o r e s i s t o r can be used 
as an i n e x p e n s i v e f e e d b a c k l i n k between two e l e c t r i c a l 
c i r c u i t s a t d i f f e r e n t p o t e n t i a l s , e l i m i n a t i n g e x p e n s i v e 
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h i g h - v o l t a g e c a p a c i t o r s . More complex uses i n c l u d e 
e l e c t r o p h o t o g r a p h y , image c o n v e r t e r s and image 
i n t e n s i f i e r s , s t o r a g e and d i s p l a y t u b e s , and t h e 
V i d i c o n t e l e v i s i o n camera. 
1.2.2 The p h o t o e m i s s i v e e f f e c t i s most 
s p e c t a c u l a r l y used i n p h o t o m u l t i p l i e r t u b e s w h i c h can 
d e t e c t l i g h t i n v i s i b l e t o t h e naked eye, o r beyond 
i t s s p e c t r a l r a n g e . O t h e r l i g h t - m e a s u r i n g d e v i c e s 
e m p l o y i n g ' p h o t o c e l l s ' a r e r e f r a c t o m e t e r s , m i c r o -
d e n s i t o m e t e r s , p y r o m e t e r s , p h o t o m e t e r s . Some forms 
o f f i l m s o u n d - r e c o r d i n g use p h o t o c e l l s , as do c e r t a i n 
f a c s i m i l e t r a n s m i t t e r s . A s e n s i t i v e m i r r o r g a l v a n o m e t e r 
i s g i v e n an expanded s c a l e by e m p l o y i n g two a d j a c e n t 
p h o t o c e l l s i n t h e l i g h t - b e a m p a t h and u s i n g a 
d i f f e r e n t i a l o u t p u t c i r c u i t . P h o t o c e l l s a r e used 
i n d u s t r i a l l y i n p r o d u c t i o n l i n e q u a l i t y c o n t r o l , as 
smoke o r f l a m e d e t e c t o r s , and as i n t r u d e r a l a r m s . 
1.2.3 On a c l o u d l e s s summer day i n l a t i t u d e 
55°N. we r e c e i v e a t sea l e v e l n e a r l y 800 w a t t s m ^ 
o f s o l a r e n e r g y . I t w o u l d seem more e f f i c i e n t t o 
c o n v e r t t h i s r a d i a t i o n d i r e c t l y i n t o e l e c t r i c i t y , 
r a t h e r t h a n go t h r o u g h an i n t e r m e d i a t e t h e r m a l s t a g e 
o f b u r n i n g f o s s i l f u e l s , as a t p r e s e n t . Even n u c l e a r 
power w o u l d be c o n v e r t e d d i r e c t l y t o e l e c t r i c a l 
power w i t h more e f f i c i e n c y t h a n by t h e h e a t t r a n s f e r 
p r o c e s s used p r e s e n t l y . 
These were t h e hopes s u s t a i n e d f o r p h o t o v o l t a i c 
d e v i c e s when t h e m a t e r i a l s w i t h t h e o r e t i c a l l y l ow 
c o n v e r s i o n l o s s e s were f i r s t r e c o g n i s e d . A 20% 
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" l i m i t c o n v e r s i o n e f f i c i e n c y " was c a l c u l a t e d f o r 
s i l i c o n p-n j u n c t i o n s , and ev e n h i g h e r v a l u e s f o r 
m a t e r i a l s l i k e GaAs, I n P , A l S b . (Cummerow 1954, 
P f a n n and R o o s b r o e c k 1954, R i t t n e r 1954, P r i n c e 1955, 
L o f e r s k i 1956, R a p p a p o r t 1959, Wolf 1 9 6 0 ) . 
The p r e s e n t work i s c o n c e r n e d w i t h some o f t h e 
p r o b l e m s i n a c h i e v i n g s u c h h i g h e f f i c i e n c i e s . The 
m a j o r c o n t r i b u t i o n i n t h i s f i e l d h a s been made on 
b e h a l f o f t h e huge U.S.A. s p a c e p r o j e c t w h i c h h a s 
s u p p o r t e d most o f t h e work on p h o t o v o l t a i c power 
s u p p l i e s , s i n c e t h e a v a i l a b l e s o l a r e n e r g y beyond t h e 
e a r t h ' s a t m o s p h e r e ( " a i r mass z e r o " . amO) i s 1400 
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w a t t s m. E v e n w i t h low c o n v e r s i o n e f f i c i e n c y an 
a c c e p t a b l e s i z e d a r r a y o f s o l a r c e l l s w i l l p r o v i d e 
a d e q u a t e power f o r a c o m m u n i c a t i o n s s a t e l l i t e . 
The PVE i s a l s o u s e d i n l i g h t - m e t e r s , l i g h t -
a c t u a t e d s w i t c h e s , p y r o m e t e r s , and l i g h t - d e t e c t o r s 
w i t h l o w e r n o i s e b u t s l o w e r r e s p o n s e t h a n p h o t o -
c o n d u c t i v e d e t e c t o r s . The b u l k e f f e c t m e n t i o n e d 
above h a s been p r o p o s e d a s an a n a l y t i c a l t o o l f o r 
d e t e r m i n i n g t h e i m p u r i t y d i s t r i b u t i o n i n a s e m i -
c o n d u c t o r , and a s h a s been s u g g e s t e d , t h e l a t e r a l 
e f f e c t c a n be u s e d a s a s e n s i t i v e l i g h t s p o t 
p o s i t i o n d e t e c t o r . 
T h e r e a r e some a p p l i c a t i o n s t h e n w h i c h a r e 
common t o a l l t h r e e e f f e c t s and t h e f i n a l c h o i c e 
of d e v i c e w i l l depend on t h e r e q u i r e d s e n s i t i v i t y , 
s p e e d o f r e s p o n s e , s i z e and c o s t , ( s e e a l s o L a r a c h 1 9 6 5 ) . 
- 10 -
The p h o t o v o l t a i c d e v i c e i s t h e o n l y one w h i c h c a n 
a c t a s a d e t e c t o r and p r o v i d e i t s own power s o u r c e . 
A h i g h e f f i c i e n c y PVE s o l a r e n e r g y c o n v e r t e r would 
be an e x c e l l e n t a c h i e v e m e n t , b u t i s o n l y l i k e l y t o 
be r e a l i s e d i f a f u l l e r u n d e r s t a n d i n g of t h e p h o t o -
v o l t a i c mechanism c a n be o b t a i n e d , t o g e t h e r w i t h a 
p a r a l l e l d e v e l o p m e n t o f s u i t a b l e m a t e r i a l s . 
1.3 CHOICE OF PHOTOVOLTAIC MATERIALS 
1.3.1 S i l i c o n C e l l s 
Owing t o t h e a d v a n c e d s t a t e o f s i l i c o n 
t e c h n o l o g y i n c o m p a r i s o n t o t h a t of o t h e r p h o t o v o l t a i c 
m a t e r i a l s , t h e s i l i c o n p-n j u n c t i o n was f o r l o n g t h e 
u n e q u a l l e d p h o t o v o l t a i c c o n v e r t e r . T h e o r e t i c i a n s a t 
f i r s t c o n c e n t r a t e d on p r e d i c t i n g t h e p o s s i b l e 
e f f i c i e n c y of a S i s o l a r c e l l s i n c e many o f t h e 
p a r a m e t e r s s u c h a s a b s o r p t i o n c o e f f i c i e n t and c a r r i e r 
m o b i l i t y had been a c c u r a t e l y m e a s u r e d on b u l k m a t e r i a l 
and d i d n o t have t o be e s t i m a t e d . 
However, a s m e n t i o n e d b e f o r e , some t h e n u n t e s t e d 
m a t e r i a l s were t h o u g h t t o be c a p a b l e of g r e a t e r 
e f f i c i e n c y i f c e r t a i n p r o b l e m s o f p r e p a r a t i o n were 
s o l v e d . T h e s e were w e l l w o r t h i n v e s t i g a t i n g b e c a u s e 
s i l i c o n c e l l s h a v e s e v e r a l d i s a d v a n t a g e s b o t h a s 
g e n e r a t o r s i n S p a c e and on t h e E a r t h ' s s u r f a c e . 
F o r e x a m p l e : 
(a) When an e x p e n s i v e S i s i n g l e c r y s t a l p-n 
j u n c t i o n h a s been p r o d u c e d , i t t h e n h a s to be s l i c e d , 
l a p p e d , c o n t a c t e d and mounted, w h i c h p r o d u c e s w a s t e 
a t e a c h s t a g e and i n c r e a s e s c o s t . 
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(b) T h i n f i l m S i c e l l s a r e s i m i l a r l y 
e x p e n s i v e , and n o t e a s y t o p r e p a r e . 
( c ) The a b s o r p t i o n s p e c t r u m o f S i c e l l s 
d o e s n o t m a tch t h e s u n ' s s p e c t r a l o u t p u t e s p e c i a l l y 
a t t h e r e d end. 
(d) S i l i c o n c e l l s have poor r a d i a t i o n 
r e s i s t a n c e and c o s m i c r a y or p a r t i c l e bombardment 
l e a d s t o a r a p i d d e t e r i o r a t i o n i n t h e o p e r a t i n g 
c h a r a c t e r i s t i c u n l e s s p e r i o d i c a n n e a l i n g o f t h e 
damage c a n be e f f e c t e d . Doping w i t h Cu or L i t o 
p r o v i d e a s e l f - r e p a i r i n g f a c i l i t y h a s met w i t h p a r t i a l 
s u c c e s s , b u t a t t h e c o s t o f c o m p l e x i t y i n p r e p a r a t i o n 
( L o f e r s k i 1963, Usami 1 9 7 0 ) . (On t h e e a r t h ' s 
s u r f a c e t h e o p e r a t i n g l i f e t i m e i s v i r t u a l l y u n l i m i t e d ) . 
(e) The s m a l l a r e a of s u c h c e l l s means t h a t 
a l a r g e number of them must be c o n n e c t e d i n s e r i e s -
p a r a l l e l a r r a n g e m e n t , s u p p o r t e d by a r i g i d f r a m e , 
i n o r d e r t o p r o v i d e u s e f u l c u r r e n t and v o l t a g e . 
( f ) The framework needed f o r s u p p o r t of an 
a e r i a l a r r a y must be c o l l a p s i b l e f o r l a u n c h i n g b u t 
r e a d i l y e x t e n d a b l e f o r u s e w i t h o u t damaging t h e 
b r i t t l e s i l i c o n c r y s t a l s . 
(g) The power to w e i g h t r a t i o i s low, w h i c h 
i s a v e r y u n d e s i r a b l e f e a t u r e i n s p a c e v e h i c l e e c o n o m i c s . 
1.3.2 A l t e r n a t i v e c e l l s 
When t h e u s e o f an a l t e r n a t i v e m a t e r i a l i s 
c o n t e m p l a t e d t h e r e a r e o t h e r f a c t o r s t o be c o n s i d e r e d 
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i n a d d i t i o n t o t h o s e l i s t e d a b o ve. B r i e f l y t h e s e 
a r e : 
(a) R e f l e c t i o n l o s s e s a t t h e s u r f a c e , 
(b) Optimum u s e o f t h e t o t a l e n e r g y o f t h e 
p h o t o n s a b s o r b e d t o p r o d u c e e l e c t r o n - h o l e p a i r s , 
w i t h a- minimum l o s s o f e x c e s s e n e r g y to phonons, 
( c ) H i gh c a r r i e r c o l l e c t i o n e f f i c i e n c y , 
(d) H i g h v o l t a g e f a c t o r , V ,F,, w h i c h i s t h e 
r a t i o o f open c i r c u i t v o l t a g e t o e n e r g y gap, 
Ce} Low d e n s i t y of s u r f a c e and i n t e r f a c e 
s t a t e s , e s p e c i a l l y on l a r g e a r e a c o n v e r t e r s , 
( f ) H i g h c u r v e f a c t o r , C.F., w h i c h i s t h e 
r a t i o o f maximum power to t h e p r o d u c t of open c i r c u i t 
v o l t a g e and . s h o r t c i r c u i t c u r r e n t , 
Cg) Low i n t e r n a l s e r i e s r e s i s t a n c e , ( p a r t l y 
overcome by g r i d e l e c t r o d e s ) . 
Some of t h e s e r e q u i r e m e n t s c a n be a c h i e v e d 
by i m p r o v e m e n t s i n t h e t e c h n o l o g y , b u t o t h e r s have 
a t h e o r e t i c a l l i m i t w h i c h i s c o n t r o l l e d by t h e b a s i c 
p a r a m e t e r s of t h e m a t e r i a l i n q u e s t i o n . C o n s i d e r a t i o n 
of t h e s e f a c t o r s g i v e s r i s e t o a c u r v e of e f f i c i e n c y 
a s a f u n c t i o n of e n e r g y gap, w h i c h i s f a v o u r e d by 
t h e o r e t i c i a n s a s a f i g u r e - o f - m e r i t - t y p e c u r v e . 
( L o f e r s k i 1956, Wolf 1 9 6 0 ) . T h i s c u r v e h a s a maximum 
a r o u n d an e n e r g y gap o f 1.6eV, f o r amO s u n l i g h t 
i l l u m i n a t i o n , S i l i c o n ( l . l e V ) i s t h u s s e e n t o be 
w o r s e t h a n g a l l i u m a r s e n i d e C I . 3 4 eV) o r a l u m i n i u m 
- 13 -
a n t i m o n i d e ( 1 . 5 2 e V ) . CdS c e l l s were u s u a l l y assumed 
t o be e q u a l l y poor (2.4eV) b u t t h e y have an e f f e c t i v e 
e n e r g y gap o f a p p r o x i m a t e l y 1.3eV, a s w i l l be 
d i s c u s s e d l a t e r . T h i s s h o u l d be b orne i n mind when 
e a r l y e s t i m a t e s of e f f i c i e n c i e s f o r CdS c e l l s a r e 
r e c a l l e d . 
T h i s s u g g e s t s t h a t t h e CdS/Cu S c e l l i s i n a 
s t r o n g p o s i t i o n t o c h a l l e n g e t h e supremacy of S i 
c e l l s . D e v i c e s u s i n g CdTe (Vodakov e t a l 1960, 
Cusano 1 9 6 3 ) , A l S b ( R i t t n e r 1 9 5 4 ) , or InP a r e 
t h e o r e t i c a l l y even b e t t e r ; however low c a r r i e r 
m o b i l i t y , d i f f i c u l t i e s o f g r o w t h , and h i g h c o s t 
combine t o make them e c o n o m i c a l l y u n a t t r a c t i v e . 
GaAs i s t h e o n l y m a t e r i a l o t h e r t h a n S i and 
CdS t o have made any i m p a c t i n t h e f i e l d o f PVE 
c o n v e r t e r s , ( J e n n y e t a l 1 9 5 6 ) , and t h i s i s even 
more d i f f i c u l t t o p r o d u c e i n t h i n f i l m , l a r g e a r e a 
form t h a n CdS. I t s h o u l d be n o t e d t h a t t h e p r e c e d i n g 
r e m a r k s a b o u t e f f i c i e n c y and e n e r g y gap a p p l y t o room 
t e m p e r a t u r e o p e r a t i o n . I f t h e t e m p e r a t u r e r i s e s t o 
a b o u t 200°C t h e n GaAs i s d e f i n i t e l y t h e most p r o m i s i n g 
m a t e r i a l , b e c a u s e t h e i n c r e a s e i n t e m p e r a t u r e l e a d s 
t o h i g h l e a k a g e c u r r e n t s i n low band gap m a t e r i a l s 
( W y s o c k i and R a p p a p o r t 1960) . 
Some e x t r e m e l y complex s t r u c t u r e s have been 
p r o p o s e d t o e n s u r e optimum c o n v e r s i o n of s o l a r e n e r g y 
t o u s a b l e power. T h e s e i n c l u d e d r i f t f i e l d j u n c t i o n s , 
g r a d e d e n e r g y gap m a t e r i a l s ( G a A s - P ) , and a l a y e r e d 
s t r u c t u r e c o m p r i s i n g s e v e r a l s u p e r i m p o s e d m a t e r i a l s 
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of i n c r e a s i n g band gap (Wolf 1960, 1 9 6 3 ) . T h i s l a s t 
s u g g e s t i o n i s d i f f i c u l t t o r e a l i s e i n p r a c t i c e and 
any i n c r e a s e i n t h e amount o f u s e f u l e n e r g y a b s o r b e d 
would p r o b a b l y be c a n c e l l e d by t h e i n c r e a s e i n non-
r a d i a t i v e r e c o m b i n a t i o n a t t h e i n t e r f a c e s t a t e s . A 
s i m p l e method o f c o n t a c t i n g e a c h s t a g e would have to 
be d e v i s e d , and t h e d i f f i c u l t y i n v o l v e d i n e n s u r i n g 
t h e same impedance f o r e a c h s t a g e would seem t o r u l e 
o u t l a y e r e d s t r u c t u r e s . 
I t h a s been s u g g e s t e d (Wolf 1960) t h a t t h e 
i n c o r p o r a t i o n o f d e f e c t l e v e l s i n t o t h e e n e r g y gap by 
a d d i n g i m p u r i t i e s t o a s e m i c o n d u c t i n g s a m p l e o f , s a y , 
S i would i n c r e a s e t h e s p e c t r a l a b s o r p t i o n r a n g e and 
t h u s i m p r o v e t h e e f f i c i e n c y o f p h o t o v o l t a i c c o n v e r s i o n . 
T h i s was once b e l i e v e d t o be t h e mechanism r e s p o n s i b l e 
f o r t h e w ide r e s p o n s e o f CdS c e l l s . Many w o r k e r s have 
p o i n t e d o u t t h a t a more p r o b a b l e r e s u l t would be t o 
i n c r e a s e th.e n o n r a d i a t i v e r e c o m b i n a t i o n v i a t h e s e 
c e n t r e s , and t h i s h a s been shown t o be t h e c a s e , 
C G u t t l e r and Q u e i s s e r 1 9 7 0 ) . 
S a k a i and M i l n e s (1970) have s u g g e s t e d t h a t 
h e t e r o j u n c t i o n s o f two o f t h e f o l l o w i n g m a t e r i a l s : 
ZnSe, GaAs, GaP, S i , Ge m i g h t p r o v i d e s u i t a b l e p h o t o -
v o l t a i c d e v i c e s , t h o u g h no work h a s been r e p o r t e d on 
t h e PVE i n th.ese. 
F i n a l l y we r e t u r n t o CdS t o m e n t i o n b r i e f l y 
some r e s e a r c h , i n t o j u n c t i o n s o f CdS on Se ( K u n i o k a 
and S a k a i 1 9 6 5 ) , o f CdS on S i (Okimura and Kondo 1970) 
and of CdS on ZnTe (Aven and Cook 1 9 6 1 ) , w h i c h p r o d u c e d 
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some i n t e r e s t i n g a c a d e m i c r e s u l t s b u t o n l y c o n f i r m e d 
t h e immense d i f f i c u l t i e s of g r o w i n g good r e p r o d u c i b l e 
h e t e r o j u n c t i o n s from t h e s e m a t e r i a l s . 
At p r e s e n t t h e n , t h e c o n c l u s i o n i s t h a t t h e 
h e t e r o j u n c t i o n of CdS and C u 2 S i s d e f i n i t e l y i n a 
p o s i t i o n t o compete w i t h o t h e r p h o t o v o l t a i c d e v i c e s , 
and i t h a s t h e s e a d v a n t a g e s : 
Ca) E a s y and p o t e n t i a l l y c h e a p f a b r i c a t i o n 
i n th.in f i l m form; 
(b) Good r a d i a t i o n r e s i s t a n c e ( B r u c k e r e t a l 1966) 
( c ) H i g h power t o w e i g h t r a t i o i n t h i n f i l m form; 
(d) F l e x i b l e and e a s y t o h a n d l e or s t o r e , i n 
t h i n f i l m form; 
Ce). Long o p e r a t i n g l i f e t i m e ; 
( f ) E x c e l l e n t m a t c h i n g t o t h e s o l a r s p e c t r u m ; 
Cg) L a r g e VF and C F . 
The d i s a d v a n t a g e s o f C dS/Cu 2S c e l l s p r o v i d e 
t h e m o t i v a t i o n f o r t h e p r e s e n t i n v e s t i g a t i o n . A p a r t 
f rom t e c h n o l o g i c a l p r o b l e m s a t t h e l e v e l of m i n i m i s i n g 
c o n t a c t r e s i s t a n c e o r i m p r o v i n g e n c a p s u l a t i o n 
t e c h n i q u e s , t h e r e a r e a s y e t s e v e r a l u n a n s w e r e d 
q u e s t i o n s r e g a r d i n g t h e mechanism o f e l e c t r o n - h o l e 
p a i r c r e a t i o n and s e p a r a t i o n . S i n c e t h e t h i n f i l m 
d e v i c e i s o f t h e most i m p o r t a n c e , t h e r e a r e t h e 
u s u a l p r o b l e m s a s s o c i a t e d w i t h p r o d u c i n g h i g h q u a l i t y , 
low r e s i s t i v i t y t h i n f i l m s o f a s e m i c o n d u c t o r . T h i s 
f o r m s t h e s u b j e c t o f a l a t e r c h a p t e r . T h e r e i s an 
o p e r a t i n g l i f e t i m e l i m i t a t i o n a t h i g h v o l t a g e o p e r a t i n g 
p o i n t s , s i n c e e l e c t r o l y t i c p l a t i n g o f c o p p e r from t h e 
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C u 2 S and c o n t a c t s o c c u r s a t c e l l weak s p o t s . T h i s 
i s a r e v e r s i b l e p r o c e s s , a s i s t h e l e s s e r d e g r a d a t i o n 
due t o m o i s t u r e a b s o r p t i o n , b u t n e i t h e r of t h e s e was 
i n v e s t i g a t e d i n t h e p r e s e n t work. 
T h e r e a r e a l s o some i n t e r e s t i n g i n f r a - r e d 
q u e n c h i n g e f f e c t s , b e s t o b s e r v e d w i t h m o n o c h r o m a t i c 
i l l u m i n a t i o n , w h i c h a r e s i m i l a r t o i - r q u e n c h i n g o f 
p h o t o c o n d u c t i v i t y i n CdS, and m e r i t some i n v e s t i g a t i o n . 
The r e s p o n s e t o low l i g h t l e v e l s , and a t t e m p e r a t u r e s 
above and b e l o w room t e m p e r a t u r e a r e o f i n t e r e s t and 
s u c h s t u d i e s a r e n e c e s s a r y b e f o r e s o l a r c e l l s c a n be 
o p e r a t e d i n 'deep' S p a c e . ( R i t c h i e and S a n d s t r o m 1 9 6 9 ) . 
P r o b l e m s a s s o c i a t e d w i t h t h e C u 2 S l a y e r a r e 
c o m p l i c a t e d by t l i e f a c t t h a t l i t t l e i s known ab o u t t h e 
c h e m i s t r y and c r y s t a l l o g r a p h y o f t h e s e v e r a l p o s s i b l e 
compounds of c o p p e r and s u l p h u r , and even l e s s i s 
known a b o u t t h e i r e l e c t r i c a l p r o p e r t i e s . T h i s t h e s i s 
p r e s e n t s t h e r e s u l t s o f an i n v e s t i g a t i o n i n t o t h e 
s t r u c t u r e and e l e c t r i c a l p r o p e r t i e s o f t h e CdS s i d e 
o f t h e j u n c t i o n o n l y . R e s u l t s of m easurements on 
vacuum e v a p o r a t e d t h i n f i l m s o f CdS a r e r e p o r t e d , 
f o l l o w e d by p h o t o v o l t a i c m e a s u r e m e n t s , and t h e i r 
i n t e r p r e t a t i o n , w h i c h were o b t a i n e d from h e t e r o -
j u n c t i o n s o f C u 2 S On t h i n f i l m and s i n g l e - c r y s t a l 
CdS. The e f f e c t o f i n t r o d u c i n g i m p u r i t i e s i n t o t h e 
CdS i s d e s c r i b e d from t h e v i e w - p o i n t o f c e l l 
p r o c e s s i n g and t h e f i n a l r e s p o n s e . 
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CHAPTER 2 : THE CdS-Cv^S HETEROJUNCTION 
L e t us now t u r n t o a d e s c r i p t i o n o f t h e 
CdS/Cu^S h e t e r o j u n c t i o n , and i n p a r t i c u l a r t o t h a t 
s t r u c t u r e known a s t h e "CdS t h i n f i l m s o l a r c e l l , " 
f i r s t p r e p a r e d by Nadzhakov e t a l (1954) and t h e 
s u b j e c t o f i n t e n s i v e r e s e a r c h , and many r e v i e w a r t i c l e s 
p u b l i s h e d s i n c e . CMoss 1961, S h i r l a n d 1966, 
P e r k i n s 1 9 6 8 ) . 
2. 1 PROPERTIES OF CADMIUM SULPHIDE 
Cadmium s u l p h i d e i s a group 2b-6b s e m i - i n s u l a t i n g 
compound w h i c h n o r m a l l y c r y s t a l l i s e s i n t h e h e x a g o n a l 
w u r t z i t e s t r u c t u r e , w i t h a d i r e c t band gap o f 2.4eV. 
Under c e r t a i n g r owth c o n d i t i o n s ( e . g . a t h i g h p r e s s u r e s ) 
a m e t a - s t a b l e , c u b i c s p h a l e r i t e s t r u c t u r e may d o m i n a t e : 
a c u b i c t h i n f i l m o f CdS c a n be grown on a s i n g l e 
c r y s t a l c u b i c s u b s t r a t e w i t h n e a r l y t h e same u n i t c e l l 
d i m e n s i o n s ( W i l c o x and H o l t , 1 9 6 9 ) . 
S i n c e t h e e n e r g y gap i s d i r e c t , t h e o p t i c a l 
a b s o r p t i o n c o e f f i c i e n t c h a n g e s a s t h e s q u a r e of t h e 
i n c i d e n t p h o t o n e n e r g y , and h a s h i g h v a l u e s f o r a l l 
e n e r g i e s g r e a t e r t h a n t h e band gap. 
CdS s t a r t s t o s u b l i m e a t a b o u t 700°C and 
m e l t s a t above 1500°C o n l y u n d e r s e v e r a l a t m o s p h e r e s 
p r e s s u r e . T h i s l i m i t s t h e a v a i l a b l e methods f o r 
p r o d u c i n g s i n g l e c r y s t a l s t o (a) v a p o u r p h a s e g r o w t h , 
o r (b) h i g h p r e s s u r e l i q u i d p h a s e g r o w t h . I t i s t h e 
f i r s t o f t h e s e methods w h i c h h a s been u s e d t o p r o d u c e 
t h e CdS c r y s t a l s f o r t h e p r e s e n t work. 
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C o m m e r c i a l l y p r o d u c e d CdS powder (B.D.H. 
" O p t r a n " g r a d e ) was p u r i f i e d by r e s u b l i m a t i o n i n 
a f l o w of a r g o n ( S t a n l e y , 1956) t o g i v e r o d s and 
p l a t e l e t s o f l i g h t - y e l l o w CdS. Mass s p e c t r o g r a p h 
a n a l y s e s were a v a i l a b l e f o r some of t h e CdS p o wders, 
and most i m p u r i t i e s were p r e s e n t i n q u a n t i t i e s l e s s 
t h a n 0.1 p.p.m. a f t e r r e s u b l i m a t i o n . T h e s e c r y s t a l s 
were t h e s o u r c e m a t e r i a l f o r vacuum e v a p o r a t i o n , and 
t h e c h a r g e i n s e a l e d s i l i c a g r o w t h t u b e s u s e d i n a 
m o d i f i e d P i p e r and P o l i c h (1961) t e c h n i q u e t o grow 
l a r g e c r y s t a l l i n e b o u l e s . I m p u r i t i e s s u c h a s Cu, 
C I , I n , were sometimes added t o t h e c h a r g e , and i n 
o t h e r r u n s e i t h e r e x c e s s Cd o r e x c e s s S was i n c o r p o r a t e d 
i n t o t h e b o u l e i n o r d e r t o change i t s s t o i c h i o m e t r y 
and r e s i s t i v i t y . ( C l a r k and Woods 1966, 1 9 6 8 ) . 
S l i c e s c u t from t h e b o u l e s were e i t h e r made i n t o 
h e t e r o j u n c t i o n s , o r formed t h e c h a r g e f o r e l e c t r o n -
beam e v a p o r a t i o n when t h i n f i l m s were r e q u i r e d . 
Some m e n t i o n must be made h e r e o f t h e 
c o m p o s i t i o n of t h e v a p o u r p r o d u c e d from s u b l i m i n g 
CdS. I t i s g e n e r a l l y b e l i e v e d t h a t CdS d i s s o c i a t e s 
c o m p l e t e l y on h e a t i n g a c c o r d i n g t o : CdS Cd + h^2r 
w i t h some h i g h e r a g g r e g a t e s o f s u l p h u r , and t h a t no 
CdS m o l e c u l e s e x i s t i n t h e v a p o u r . T h i s b e l i e f 
o r i g i n a t e s from t h e work o f a number o f i n v e s t i g a t o r s 
on t h e v a p o u r p r e s s u r e s and d i s s o c i a t i o n c o e f f i c i e n t s 
o f t h e 2-6 compounds ( P o g o r e l y i 1948, H s a i o and 
S c h l e c h t e n 1952, S o m o r j a i 1961, G o l d f i n g e r and 
Jeunehomme 1 9 6 3 ) . R e c e n t l y however, C a v e n e y (1970) 
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has a s s e r t e d t h a t a r e c o g n i s a b l e p r o p o r t i o n o f t h e 
v a p o u r i s i n t h e form o f CdS m o l e c u l e s , and he 
m a i n t a i n s t h a t CdS c r y s t a l s grow o n l y from t h e s e 
CdS m o l e c u l e s . T h i s h a s y e t t o be c o r r o b o r a t e d . 
U n l i k e t h e Group I V or I I I - V s e m i c o n d u c t o r s , 
most o f t h e I I - V I compounds a r e n o t a m p h o t e r i c , 
and do n o t show i n t r i n s i c b e h a v i o u r a t room t e m p e r a t u r e s , 
CdS c a n o n l y be made n - t y p e and any a t t e m p t t o 
d i f f u s e i n a c c e p t o r i m p u r i t i e s r e s u l t s i n s e l f compen-
s a t i o n by v a c a n c i e s , t o m a i n t a i n c h a r g e n e u t r a l i t y , 
(p-CdS h a s been r e p o r t e d , f o l l o w i n g e x p e r i m e n t s w i t h 
B i and P i o n i m p l a n t a t i o n ( A n d e r s o n and M i t c h e l l , 1968, 
Chernow e t a l 1968) b u t t h e o m i s s i o n o f a p o s t -
bombardment a n n e a l i n g p r o c e s s s u g g e s t s t h a t r a d i a t i o n 
damage, n o t c h e m i c a l i m p u r i t y , i s t h e s o u r c e o f t h e 
p - t y p e c o n d u c t i v i t y ( T e l l and G i b s o n , 1 9 6 9 ) , T h i s 
i s t h e r e a s o n f o r u s i n g p-Cu^S a s one s i d e o f t h e 
p-n j u n c t i o n , s i n c e Cu^S forms e p i t a x i a l l y on CdS by 
a s u b s t i t u t i o n r e a c t i o n w h i c h w i l l be d e s c r i b e d l a t e r . 
The h i g h r e s i s t i v i t y o f p u r e c r y s t a l s makes 
t h e measurement o f t h e t r a n s p o r t p r o p e r t i e s o f CdS 
r a t h e r d i f f i c u l t . The r e s i s t i v i t y may be a s h i g h a s 
12 
10 Ohm cm, b u t c a n o f c o u r s e be r e d u c e d by o p t x c a l 
i r r a d i a t i o n . However t h e H a l l m o b i l i t y i s d e p e n d e n t 
on t h e i n t e n s i t y o f t h e l i g h t . The room t e m p e r a t u r e 
v a l u e o f t h e H a l l m o b i l i t y o f e l e c t r o n s i s a b o u t 
2 -1 -1 
300 cm.V. S. i n good q u a l i t y s i n g l e c r y s t a l s . H o l e 
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m o b i l i t i e s a r e much l o w e r ( a b o u t 10 cm.V. S. ) and 
ha v e been m e a s u r e d i n t r a n s i t t i m e and a c o u s t o e l e c t r i c 
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e x p e r i m e n t s . I n s i n g l e c r y s t a l s t h e p o s s i b l e 
c o n t r i b u t o r y c a r r i e r s c a t t e r i n g mechanisms a r e 
i o n i s e d i m p u r i t y s c a t t e r i n g , a c o u s t i c mode s c a t t e r i n g , 
p o l a r o p t i c a l mode s c a t t e r i n g , and p i e z o e l e c t r i c 
s c a t t e r i n g , w i t h a d d i t i o n a l g e o m e t r i c a l s c a t t e r i n g 
e f f e c t s i n t h i n f i l m s p e c i m e n s . 
CdS e x h i b i t s many i n t e r e s t i n g phenomena, 
some o f w h i c h have been m e n t i o n e d a l r e a d y . A l i s t 
o f t h e more i m p o r t a n t p r o p e r t i e s w i l l s u f f i c e f o r 
p r e s e n t p u r p o s e s , b u t more i n f o r m a t i o n and r e f e r e n c e s 
t o o r i g i n a l work may be o b t a i n e d from Aven and 
P r e n e r ( 1 9 6 7 ) , or Ray ( 1 9 6 9 ) . The i m p o r t a n t p h y s i c a l 
p r o p e r t i e s d i s p l a y e d by CdS a r e j -
( a) H i gh p h o t o c o n d u c t i v i t y ; 
(b) A l a r g e p i e z o e l e c t r i c e f f e c t ; 
( c ) A c o u s t o e l e c t r i c a m p l i f i c a t i o n ; 
(d) L u m i n e s c e n c e ( t h e r m o - , p h o t o - , t r i b o 7 
c a t h o d o - , e l e c t r o - l u m i n e s c e n c e ) ; 
( e ) L a s e r e m i s s i o n ; 
( f ) E l e c t r i c a l c o n d u c t i v i t y s t o r a g e 
( W r i g h t e t a l 1 9 6 8 ) . 
2. 2 PROPERTIES OF COPPER SULPHIDE 
The c o p p e r s u l p h i d e w h i c h forms h a l f o f t h e 
h e t e r o j u n c t i o n of t h e t i t l e h a s s e v e r a l d i f f e r e n t 
c r y s t a l l i n e s t r u c t u r e s and c h e m i c a l f o r m u l a e . 
" C u 2 S " i n t h i s c o n t e x t s h o u l d be t a k e n as a g e n e r i c 
t e r m f o r a l l of t h e s u l p h i d e s o f m o n o v a l e n t c o p p e r . 
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The l a y e r form^St e p i t a x i a l l y on CdS by 
d i p p i n g a c r y s t a l i n t o a h o t s o l u t i o n o f C u + i o n s 
i s c h a l c o c i t e , Cu^S, formed a c c o r d i n g t o t h e 
s u b s t i t u t i o n r e a c t i o n : 
CdS + 2 C u + > C u 2 S + Cd + + 
Wh en t h e j u n c t i o n i s s u b s e q u e n t l y h e a t e d i n a i r , some 
o f t h i s i s c o n v e r t e d t o d j u r l e i t e , Cu, n/.S. B o t h 
1.96 
c h a l c o c i t e and d j u r l e i t e have two t e m p e r a t u r e m o d i f i c a -
t i o n s w h i c h c a n be c o n v e r t e d f u r t h e r t o s u c h compounds 
a s Cu S and Cu S, where x i s between 1.8 ( d i g e n i t e ) 
and 1.96. A f u l l e r d i s c u s s i o n of t h e Cu-S p h a s e 
d i a g r a m a p p e a r s i n a r e p o r t by S h i o z a w a e t a l ( 1 9 6 9 ) . 
I t i s p o s s i b l e t o c o n v e r t c o m p l e t e l y a 
s i n g l e c r y s t a l o f CdS i n t o a c r a c k e d , b u t s i n g l e , 
c r y s t a l o f Cu^S by t h e c h e m i - p l a t i n g p r o c e s s . The 
c r a c k s a r e t h e r e s u l t o f t e n s i o n i n t h e C u 2 S l a y e r , 
p r o d u c e d by t h e m i s m a t c h i n volume of t h e two 
s u l p h i d e s , a l t h o u g h t h e s u l p h u r i o n s p r o b a b l y have 
t h e same a r r a n g e m e n t i n b o t h compounds ( S i n g e r and 
F a e t h 1967, Cook e t a l 1 9 7 0 ) . 
C u 2 S h a s an i n d i r e c t band gap of 1.2 eV. 
w i t h an i n d i c a t e d s e c o n d t h r e s h o l d f o r d i r e c t 
t r a n s i t i o n s a t 1.8 eV. The o p t i c a l a b s o r p t i o n 
c o e f f i c i e n t c h a n g e s s l o w l y w i t h i n c r e a s i n g p hoton 
e n e r g y b e l o w t h e d i r e c t t r a n s i t i o n e n e r g y , t h e n 
more r a p i d l y . H i gh e n e r g y p h o t o n s a r e t h u s e a s i l y 
a b s o r b e d c l o s e t o t h e s u r f a c e o f t h e Cu.S f o r t h e 
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commonly u s e d ' f r o n t w a l l ' c e l l c o n f i g u r a t i o n , i n w h i c h 
l i g h t i s i n c i d e n t on t h e C u 2 S f i r s t . U n f o r t u n a t e l y 
t h i s l e a d s t o a poor c o n v e r s i o n e f f i c i e n c y f o r s h o r t 
w a v e l e n g t h i l l u m i n a t i o n s i n c e t h e e l e c t r o n s and h o l e s 
a r e c r e a t e d a d j a c e n t t o s u r f a c e r e c o m b i n a t i o n c e n t r e s , 
and i n a d d i t i o n c o n s t i t u t e a h i g h n o n - e q u i l i b r i u m 
c o n c e n t r a t i o n o f c a r r i e r s w i t h c o n s e q u e n t h i g h 
r e c o m b i n a t i o n r a t e s . Some l i g h t o f e n e r g y between 
1.2 eV and 2.4 eV w i l l p a s s t h r o u g h t h e C u 2 S and 
be a b s o r b e d i n t h e i - C d S (Cu c o m p e n s a t e d ) l a y e r . 
The 1.2 eV band gap a g r e e s w e l l w i t h t h e 
e x p e r i m e n t a l l y o b s e r v e d l o n g w a v e l e n g t h t h r e s h o l d 
f o r t h e PVE i n t h e s e c e l l s . The e x i s t e n c e o f s u c h 
a t h r e s h o l d b elow t h e d i r e c t band gap of CdS was 
t h e b a s i s f o r t h e e a r l y a r g u m e n t s i n f a v o u r o f an 
a c t i v e i m p u r i t y l e v e l i n t h e CdS, b e f o r e t h e i m p o r t a n t 
r o l e o f t h e Cu^S l a y e r was a p p r e c i a t e d . 
Cu^S i s a p - t y p e d e g e n e r a t e s e m i c o n d u c t o r , 
w i t h a m e a s u r e d hole, m o b i l i t y a t room t e m p e r a t u r e 
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of o n l y a b o u t 10 cm.V. S. , w h i c h may be improved 
by> a d v a n c e s i n t h e t e c h n o l o g y . T h e r e i s a p p r e c i a b l e 
i o n i c m o b i l i t y even a t room t e m p e r a t u r e due t o t h e 
h i g h d i f f u s i o n r a t e o f C u + i n C u 2 S , w h i c h i n c r e a s e s 
r a p i d l y w i t h t e m p e r a t u r e , ( H i r a h a r a 1 9 5 1 ) . 
The e f f e c t o f h i g h t e m p e r a t u r e s on C u 2 S i s 
t o p r o d u c e a l o s s o f c o p p e r by c h e m i c a l and 
s t r u c t u r a l c h a n g e s (Cook e t a l 1 9 7 0 ) . I n a vacuum, 
c o p p e r w h i s k e r s grow on t h e s u r f a c e of h e a t e d Cu S . 
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T h i s p r o c e s s i s r e v e r s i b l e . I n a i r h o w e v e r an 
i r r e v e r s i b l e o x i d a t i o n o f s u r f a c e - m i g r a t e d c o p p e r 
r e s u l t s . The s u r f a c e t h e n becomes c o a t e d w i t h 
C u 2 0 o r CuO, a n d t h e i n t e r i o r c h a n g e s p r o g r e s s i v e l y , 
a c c o r d i n g t o t h e s e q u e n c e : 
C u 2 s C u U 9 6 S C u u 8 S 
T h i s i s a known c a u s e o f d e g r a d a t i o n i n 
u n e n c a p s u l a t e d c e l l s s i n c e t h e v a r i o u s p h a s e s h a v e 
d i f f e r e n t a b s o r p t i o n c o e f f i c i e n t s a n d r e f l e c t i v i t i e s 
I n c o n t r a s t , a b e n e f i c i a l e f f e c t o f a s h o r t h e a t 
t r e a t m e n t i n a i r i s t o r e d u c e t h e r e s i s t i v i t y o f 
Cu 2S b y 5 0 % , so r e d u c i n g t h e c e l l i n t e r n a l s e r i e s 
r e s i s t a n c e . 
N o d u l e s o f c o p p e r h a v e e v e n b e e n p r o d u c e d on 
t h e s u r f a c e o f e n c a p s u l a t e d c e l l s d u r i n g o p e r a t i o n 
f o r l o n g p e r i o d s a t v o l t a g e s a b o u t 400 mV. T h i s 
a p p e a r s t o be t h e t h r e s h o l d f o r an e l e c t r o l y t i c 
a c t i o n , w h i c h e i t h e r may be a v o i d e d by e n s u r i n g t h a t 
t h e v o l t a g e a c r o s s a c e l l r e m a i n s b e l o w 400 mV., o r 
may be r e v e r s e d by p e r i o d i c a l l y a p p l y i n g r e v e r s e 
b i a s ( S h i o z a e a e t a l , 1 9 6 9 ) . 
I t i s p o s s i b l e t h a t t h e h i g h r a d i a t i o n 
r e s i s t a n c e o f CdS s o l a r c e l l s c a n a l s o be a t t r i b u t e d 
t o t h e h i g h m o b i l i t y o f t h e C u + i o n s w h i c h p e r m i t s 
t h e r a p i d a n n e a l i n g o f ' k n o c k - o n ' damage. 
The r e g i o n o f t h e CdS s o l a r c e l l b e t w e e n 
t h e u n d e r l y i n g n - t y p e CdS and t h e p - t y p e Cu 2S has 
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y e t t o be m e n t i o n e d . T h i s i s t h e i n t e r m e d i a t e , 
1 m i c r o n t h i c k , l a y e r o f c o p p e r - c o m p e n s a t e d CdS 
known as t h e i-CdS r e g i o n . I t i s f o r m e d when a 
C u 2 S - p l a t e d s a m p l e i s h e a t e d b r i e f l y a t t e m p e r a t u r e s 
a b o v e 200°C. 
D i f f u s i o n r a t e s o f c o p p e r i n CdS have 
u s u a l l y b e e n o b t a i n e d f r o m t r a c e r e x p e r i m e n t s 
w i t h c r y s t a l s on w h i c h m e t a l l i c c o p p e r was f i r s t 
e v a p o r a t e d o n t o t h e s u r f a c e ( C l a r k e 1 9 5 9 , 
W o o d b u r y 1 9 6 5 , S z e t o and S o m o r j a i 1 9 6 6 ) . From t h i s 
w o r k i t i s known t h a t c o p p e r d i f f u s e s more r a p i d l y 
p e r p e n d i c u l a r t o t h e c - a x i s t h a n p a r a l l e l t o i t . 
H o wever a l o w e r v a l u e o f t h e d i f f u s i o n c o e f f i c i e n t 
o f c o p p e r i n CdS has b e e n o b t a i n e d by u s i n g Cu S 
as t h e c o p p e r s o u r c e ( P u r o h i t e t a l 1 9 6 9 ) . These 
f a c t s s u g g e s t t h a t o n l y a p r o l o n g e d h e a t t r e a t m e n t 
c a n c a u s e t h e c o p p e r t o p e n e t r a t e t o t h e s u b s t r a t e 
a n d so a f f e c t t h e c e l l s h u n t r e s i s t a n c e , as has be e n 
o b s e r v e d . 
The e f f e c t s o f s u c c e s s i v e p e r i o d s o f h e a t 
t r e a t m e n t o n s e v e r a l s o l a r c e l l s w i l l be d e s c r i b e d 
i n t h i s t h e s i s , b u t t h e a c t u a l Cu 2S p l a t i n g p r o c e s s 
was k e p t i n v a r i a n t f o r a l l c e l l s . A f u l l i n v e s t i g a t i o n 
o f t h e p r o p e r t i e s o f Cu 2S i s o b v i o u s l y d e s i r a b l e , 
b u t p r o m i s e s t o be e x t r e m e l y t i m e c o n s u m i n g j u d g i n g 
f r o m t h e f e w c r y s t a l s t r u c t u r e e x p e r i m e n t s so f a r 
r e p o r t e d . 
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2 • 3 ELECTRICAL CONTACTS 
A b r i e f d i s c u s s i o n o f t h e m e t a l s w h i c h , f o r m 
o h m i c c o n t a c t s t o h i g h r e s i s t i v i t y CdS i s c l e a r l y o f 
i m p o r t a n c e . The m o s t commonly u s e d c o n t a c t i s i n d i u m 
( S m i t h 1 9 5 5 , S c h u l m a n 1 955) b u t o t h e r m e t a l s o f 
s u i t a b l e w o r k f u n c t i o n a r e s i l v e r / z i n c , a l u m i n i u m , a nd 
c h r o m i u m ( L e a r n e t a l 1 9 6 6 , B u j a t t i 1 9 6 8 ) . These m e t a l s 
a r e u s u a l l y vacuum e v a p o r a t e d o n t o a p o l i s h e d and 
e t c h e d s a m p l e . S o m e t i m e s t h e c r y s t a l i s c l e a n e d p r i o r 
t o an e v a p o r a t i o n b y p a s s i n g a d i s c h a r g e i n h y d r o g e n . 
A l u m i n i u m u n f o r t u n a t e l y o x i d i s e s o n e x p o s u r e t o t h e 
a t m o s p h e r e , and a p r o t e c t i v e l a y e r i s n e c e s s a r y t o 
p r e v e n t t h i s . B o e r and H a l l ( 1 9 6 6 1 h a v e d e s c r i b e d a 
m e t h o d w h e r e b y t h e o x y g e n c a n be g e t t e r e d by t i t a n i u m 
w h i c h i s c o - e v a p o r a t e d w i t h t h e a l u m i n i u m . The c o n t a c t 
i s f i n a l l y c o v e r e d w i t h a l a y e r o f p l a t i n u m w i t h o u t 
b r e a k i n g t h e vacuum. 
T h e o r e t i c a l l y g o l d has s u c h a h i g h w o r k 
f u n c t i o n t h . a t a b l o c k i n g c o n t a c t w o u l d be e x p e c t e d . 
H o w e v e r , i f CdS t h i n f i l m s a r e e v a p o r a t e d on t o p o f 
g o l d l a y e r s , an Ohmic c o n t a c t i s f o r m e d . T h i s i s 
a t t r i b u t e d t o t h e f o r m a t i o n o f an Au/Cd i n t e r m e t a l l i c 
c ompound b e l o w t h e CdS, a l t h o u g h e t c h i n g s t u d i e s b y 
V e e h t e t a l ( 1 9 6 5 ) s u g g e s t t h a t a s u l p h u r f a c e i s i n 
c o n t a c t w i t h t h e s u b s t r a t e n o r m a l l y . 
G o l d c o n t a c t s a r e more d u r a b l e , h a v e l e s s 
t e n d e n c y t o o x i d i s e a nd do n o t d i f f u s e i n t o t h e CdS as 
r e a d i l y a s i n d i u m , b u t t h e s t i c k i n g c o e f f i c i e n t o f 
CdS ( o r CdSe) i s h i g h e r on g o l d t h a n on g l a s s a nd so 
a n o n - u n i f o r m CdS f i l m i s d e p o s i t e d . 
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On t h e o t h e r h a n d , C u 2 S r e < 5 u i r e s a h i g h w o r k 
f u n c t i o n m e t a l f o r an Ohmic c o n t a c t , a n d g o l d i s u s u a l l y 
c h o s e n f o r t h i s , a l t h o u g h c o p p e r c a n a l s o be u s e d . 
2 » 4 FORMATION OF THE HETEROJUNCTION 
The f i r s t CdS p h o t o v o l t a i c d e v i c e s w e r e 
c o n s t r u c t e d f r o m a m e t a l c o n t a c t on a CdS c r y s t a l 
( R e y n o l d s e t a l 1 9 5 4) o r t h i n f i l m CNadzhakov e t a l 
1 9 5 4 ) . I t was d i s c o v e r e d t h a t c o p p e r was t h e b e s t 
m e t a l f o r t h i s p u r p o s e . A t h i n c o p p e r l a y e r was 
d e p o s i t e d o n t o t h e CdS, u s u a l l y f o l l o w e d b y a h e a t 
t r e a t m e n t t o " f o r m " t h e j u n c t i o n . E a r l y e x p l a n a t i o n s 
o f t h e o r i g i n o f t h e p h o t o - e m f i n v o k e d p h o t o e m i s s i o n 
f r o m t h e m e t a l i n t o t h e CdS, a n d i m p u r i t y b a n d 
c o n d u c t i o n i n t h e CdS due t o t h e h i g h c o n c e n t r a t i o n 
o f c o p p e r i m p u r i t i e s . I t was n o t u n t i l l a t e r t h a t i t 
was r e a l i s e d t h a t a t h i n l a y e r o f Cu 2S p r o b a b l y f o r m e d 
a t a l l s u c h j u n c t i o n s . T h i s m e a n t t h a t t h e m o d e l s 
f o r c e l l s w h i c h h a d b e e n f o r m e d f r o m Cu 2S on CdS 
w e r e r e l e v a n t t o t h e s t u d i e s o f c o p p e r o n CdS c e l l s , a n d 
t h e p o s s i b i l i t y o f an a c t i v e Cu 2S l a y e r was a d m i t t e d . 
Cu 2S/CdS c e l l s w e r e f o u n d t o h a v e a l a r g e r 
s p e c t r a l r e s p o n s e and b e t t e r c h a r a c t e r i s t i c s t h a n t h e 
e a r l y c e l l s , b u t t h e c e l l c o n f i g u r a t i o n was l i m i t e d 
t o t h e " f r o n t w a l l " t y p e , i n w h i c h t h e " b a r r i e r 
l a y e r " ( o r j u n c t i o n ) was a d j a c e n t t o t h e i l l u m i n a t e d 
s u r f a c e . The a c t i v e r o l e o f t h e Cu 2S l a y e r 
was s u g g e s t e d by s p e c t r a l r e s p o n s e m e a s u r e m e n t s , 
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i n w h i c h i t was n o t i c e d t h a t i n " b a c k w a l l " c e l l s 
m o s t o f t h e l i g h t w i t h w a v e l e n g t h g r e a t e r t h a n 5200 A* 
was w a s t e d , as i t was a b s o r b e d by t h e CdS l a y e r c l o s e 
t o t h e s u b s t r a t e . 
The s t r u c t u r e o f p r e s e n t t h i n f i l m CdS s o l a r 
c e l l s i s shown i n F i g u r e ( 2 . 1 ) . L i g h t p a s s e s t h r o u g h 
a g r i d e l e c t r o d e o n t o t h e C u 2 S , w h i c h has b e e n 
c h e m i p l a t e d o n t o a v a c u u m - e v a p o r a t e d l a y e r o f CdS 
on a m e t a l l i s e d p l a s t i c s u b s t r a t e . Low r e s i s t i v i t y 
CdS i s e m p l o y e d t o r e d u c e t h e c e l l s e r i e s r e s i s t a n c e . 
F u r t h e r r e d u c t i o n s i n t h i s p a r a m e t e r c a n be a c h i e v e d 
b y u s i n g a t h i n n e r l a y e r , a t t h e c o s t o f a h i g h e r 
p r o b a b i l i t y o f p i n h o l e s b e i n g f o r m e d t h r o u g h t h e 
f i l m . 
The p l a t i n g s o l u t i o n u s e d t o f o r m t h e p - l a y e r 
i n t h e j u n c t i o n s c o n s t r u c t e d f o r t h e p r e s e n t w o r k 
was p r e p a r e d as f o l l o w s : -
( a ) 750 m l . o f d i s t i l l e d w a t e r was h e a t e d 
a n d s t i r r e d i n a c l o s e d r e a c t i o n v e s s e l w h i l s t 
o x y g e n - f r e e n i t r o g e n was c o n t i n u o u s l y b u b b l e d t h r o u g h 
t h e l i q u i d t o d i s p l a c e o x y g e n . 
(b) 100 m l . o f h y d r a z i n e h y d r a t e s o l u t i o n 
was a d d e d . 
( c ) A pH m e t e r ( E . I . L . m o d e l 23A) w i t h 
c a l o m e l r e f e r e n c e e l e c t r o d e i n a s a l t - b r i d g e c o n t a i n e r , 
a n d a g e n e r a l p u r p o s e g l a s s e l e c t r o d e , was u s e d t o 
b r i n g t h e pH t o a v a l u e o f 2.5 b y a d d i n g a p p r o x i m a t e l y 
120 m l . o f c o n e , h y d r o c h l o r i c a c i d . 
If) 
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( d ) 10 gm. o f CuCl c h l o r i d e p o w d e r was a d d e d , 
and t h e l i q u i d v o l u m e was made up t o 1 l i t r e by-
a d d i n g d i s t i l l e d w a t e r . 
( e ) When t h e s o l u t i o n r e a c h e d 90°C., t h e 
pH was a c c u r a t e l y a d j u s t e d t o 2.5 b y a d d i n g d r o p s o f 
h y d r o c h l o r i c a c i d o r h y d r a z i n e h y d r a t e . The p l a t i n g 
o f Cu 2S was b e g u n b y d i p p i n g p o l i s h e d and e t c h e d 
CdS i n t o t h e b a t h f o r a m e a s u r e d p e r i o d . 
D u r i n g t h i s t i m e o x y g e n - f r e e n i t r o g e n was 
c o n t i n u o u s l y b u b b l e d t h r o u g h t h e l i q u i d , w h i l e a 
m a g n e t i c s t i r r e r k e p t t h e s o l u t i o n a g i t a t e d . The 
c o m b i n e d e f f e c t o f t h e h y d r a z i n e a n d t h e n i t r o g e n 
+ + 
was t o p r e v e n t t h e f o r m a t i o n o f Cu i o n s . A d e e p 
b l u e c o p p e r c o m p l e x d i d p r e c i p i t a t e f r o m t h e c o l d 
s o l u t i o n , b u t was r e a d i l y r e d i s s o l v e d i n e x c e s s a c i d 
when t h e b a t h was h e a t e d a g a i n . 
The same s t r e n g t h p l a t i n g s o l u t i o n was u s e d 
t o p r e p a r e a l l t h e j u n c t i o n s i n v e s t i g a t e d i n t h e 
p r e s e n t w o r k . C r y s t a l s o f CdS w e r e e t c h e d i n c o l d 
4 0 % HC1 f o r f i v e s e c o n d s b e f o r e p l a t i n g f o r t e n 
s e c o n d s i n 2.5 pH a t 90°C. A f t e r t h i s t h e y w e r e 
w a s h e d , a n d t h e n d r i e d i n a j e t o f d r y n i t r o g e n . 
A t t h i s s t a g e e i t h e r p r e l i m i n a r y m e a s u r e m e n t s w e r e 
made, o r h e a t t r e a t m e n t a t 200°C. i n a i r was c a r r i e d 
o u t . 
B o u l e s l i c e s w e r e c o a t e d o n one f a c e w i t h 
e v a p o r a t e d i n d i u m b e f o r e p l a t i n g . E v a p o r a t e d CdS 
f i l m s a n d c r y s t a l s w i t h i n d i u m c o n t a c t s w e r e masked 
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w i t h wax o r v a r n i s h t o " p r e v e n t Cu 2S f r o m f o r m i n g a 
s h o r t c i r c u i t t o t h e o h m i c c o n t a c t . C r y s t a l s w e r e 
f a s t e n e d t o p i e c e s o f c o p p e r s h e e t a f t e r p l a t i n g , 
w i t h a t h i n l a y e r o f s i l v e r p a s t e (JMM FSP 4 3 , o r 
FSP 51) b e t w e e n t h e i n d i u m and t h e c o p p e r . 
O t h e r r e c i p e s f o r m a k i n g a Cu 2S/CdS j u n c t i o n 
a r e s u m m a r i s e d b e l o w : 
t a ) E v a p o r a t e c o p p e r o n t o CdS c r y s t a l s o r 
f i l m s ( G r i m m e i s and Memming 1 9 6 2 ) ; 
( b ) E l e c t r o p l a t e c o p p e r o n t o CdS c r y s t a l s 
( W i l l i a m s a n d Bube 1 9 6 0 , S h i t a y a a nd S a t o 1 9 6 8 ) ; 
( c ) E l e c t r o p l a t e c o p p e r o n t o c e r a m i c p l a t e s 
o f CdS (Nakayama 1 9 6 9 ) ; 
( d ) E v a p o r a t e Cu 2S o n t o CdS ( K e a t i n g 1 9 6 3 ) ; 
( e ) C h e m i c a l l y s p r a y Cu S o n t o c h e m i c a l l y 
l . o 
s p r a y e d CdS f i l m s ( C h a m b e r l a i n a n d Skarman 1966 a, 
1966 b ) ; 
( f ) D i f f u s e c o p p e r i n t o CdS by m i x i n g CuS 
w i t h t h e C..S c r y s t a l g r o w t h c h a r g e (Woods and d 
C h a m p i o n 1 9 5 9 ) . 
The u s e o f s u c h a w i d e r a n g e o f m e t h o d s h a s 
g i v e n r i s e t o a v a r i e t y o f e x p l a n a t i o n s o f t h e 
c o n f l i c t i n g b e h a v i o u r o f t h e c e l l s p r o d u c e d . I t i s 
m o s t l i k e l y t h a t many o f t h e e x p e r i m e n t s w e r e 
m i s i n t e r p r e t e d e i t h e r b e c a u s e i t was s u p p o s e d t h a t 
no Cu 2S was f o r m e d , o r due t o a r e l u c t a n c e t o a s c r i b e 
an a c t i v e r o l e t o t h e Cu 2S l a y e r . The s m a l l a m o u n t 
o f Cu 2S f o r m e d b y some t e c h n i q u e s w o u l d be u n d e t e c t a b l e 
b y c o n v e n t i o n a l means, b u t was p r o b a b l y p r e s e n t e v e n 
i n u n h e a t e d c e l l s . 
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2.5 MODELS AND PROPERTIES OF THE PHOTOVOLTAIC 
JUNCTION 
The d i v e r s i t y o f a p p r o a c h e s t o t h e d e v e l o p m e n t 
o f a h i g h e f f i c i e n c y CdS s o l a r e n e r g y c o n v e r t e r 
i n h i b i t e d t h e d e v e l o p m e n t o f a s i n g l e m o d e l w h i c h 
w o u l d e x p l a i n a l l o f t h e f e a t u r e s o f t h e j u n c t i o n . 
E a r l y m o d e l s s u p p o r t e d v a r i o u s t y p e s o f j u n c t i o n 
a c c o r d i n g t o t h e e x a c t c o n s t r u c t i o n t e c h n i q u e 
e m p l o y e d , a n d i t i s p o s s i b l e t h a t some w e r e c o r r e c t 
i n c e r t a i n d e t a i l s f o r t h a t d e v i c e a l o n e . Some o f 
t h e m o d e l s s u g g e s t e d w e r e : -
t a ) P h o t o e m i s s i o n o f e l e c t r o n s f r o m p l a t e d 
c o p p e r i n t o n-CdS ( W i l l i a m s a n d Bube 1 9 6 0 , f o r t h e i r 
u n h e a t e d j u n c t i o n s ) ; 
( b ) Two j u n c t i o n s i n s e r i e s : m e t a l / n + - C d S / n - C d S 
( B o c k e m u e h l e t a l 1 9 6 1 , f o r c e l l s f o r m e d by d i f f u s i n g 
c o p p e r i n t o h i g h r e s i s t i v i t y C d S ) ; 
( c ) n-CdS/p-CdS h o m o j u n c t i o n , w i t h a c o p p e r 
i m p u r i t y b a n d g i v i n g t h e p - t y p e c o n d u c t i o n ( R e y n o l d s 
an d C z y z a k 1 9 5 4 , Woods a n d Ch a m p i o n 1 9 5 9 , G r i m m e i s 
a n d Memming 1 9 6 2 a , b , F a b r i c i u s 1 9 6 2 ) ; 
( d ) p-Cu Te/n-CdTe h e t e r o j u n c t i o n , w i t h t h e 
t h e o r y e x t e n d e d t o Cu 2S/CdS c e l l s , w i t h t h e p - l a y e r 
p l a y i n g o n l y a m i n o r r o l e i n t h e l i g h t a b s o r p t i o n 
and e n e r g y c o n v e r s i o n (Cusano 1 9 6 3 ) ; 
( e ) H e t e r o j u n c t i o n i n Cu 2Te/CdTe and 
Cu 2S/CdS c e l l s , d e d u c e d f r o m t h e o r e t i c a l c a l c u l a t i o n s 
( K e a t i n g 1 9 6 5 ) ; 
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( f ) S e v e r e l y l o c a l i s e d PVE a t i n t e r f a c e s t a t e s 
b e t w e e n p-Cu 2S and n-CdS, c a u s i n g e l e c t r o n s t o be 
e m i t t e d f r o m t h e s e s t a t e s i n t o t h e CdS. I n t h i s 
m o d e l t h e l o n g w a v e l e n g t h r e s p o n s e i s a t t r i b u t e d 
t o a b s o r p t i o n by i m p u r i t i e s i n t h e CdS ( B a l k a n s k i 
a n d Chone 196 6 ) ; 
( g ) I m p u r i t y PVE a t c o p p e r c e n t r e s i n t h e 
CdS (Due Cuong a n d B l a i r 1 966) ; 
( h ) I m p u r i t y PVE a t c o p p e r c e n t r e s i n t h e 
CdS, p l u s a s u r f a c e b a r r i e r c r e a t e d by a c o p p e r 
c o n t a c t ( S h i t a y a a nd S a t o 1 9 6 8 ) ; 
+ 
( i ) I m p u r i t y PVE, p l u s a p -Cu 2S/n-CdS 
h e t e r o j u n c t i o n w i t h l i g h t a b s o r p t i o n i n t h e Cu 2S 
l a y e r f o r a M o t t - b a r r i e r t y p e c e l l . T h i s i s t h e 
s t r u c t u r e w h i c h i n c l u d e s an i - l a y e r , a l t h o u g h t h i s 
i s f o r m e d o n l y a f t e r a h e a t t r e a t m e n t . T h e r e i s 
a l s o somee i n t r i n s i c a b s o r p t i o n i n t h e n-CdS 
(Nakayama 19 6 9 ) ; 
( j ) I m p u r i t y PVE ( 1 . 8 eV. r e s p o n s e ) a nd 
p h o t o e m i s s i o n f r o m t h e Cu 2S ( 1 . 2 eV. r e s p o n s e ) 
( G i l l e t a l 1 9 6 8 ) ; 
( k ) p - n h e t e r o j u n c t i o n ( C h a m b e r l a i n and 
Skarman 1 9 6 6 , P a v e l e t s a nd F e d o r u s 1 9 6 6 ) ; 
( 1 ) K e a t i n g ( 1 9 6 3 ) h a s r e p o r t e d e l e c t r o -
l u m i n e s c e n c e i n Cu 2S/CdS d i o d e s , w h i c h he a t t r i b u t e d 
t o h o l e i n j e c t i o n f r o m t h e Cu 2S i n t o t h e CdS. 
More c o m p l e x m o d e l s b y P o t t e r a n d S c h a l l a 1967 
( " L e w i s " m o d e l ) , H i l l a n d K e r a m i d a s 1966 ("Harshaw" 
m o d e l ) , S h i o z a w a e t a l , 1966 ( " C l e v i t e " m o d e l ) , 
v a n A e r s c h o t e t a l , 1968 ("E.S.R.O." m o d e l ) c o n t a i n 
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some d e t a i l s common t o a l l , b u t d i f f e r i n t h e i r 
i n t e r p r e t a t i o n s o f t h e e n e r g y b a n d a t t h e Cu 2S/CdS 
c o n t a c t . We s h a l l d i s c u s s t h e 1969 C l e v i t e m o d e l 
( S h i o z a w a e t a l 1 9 6 9 ) i n more d e t a i l s i n c e t h i s 
m o d e l h a s b e e n amended t o c o n f o r m w i t h d a t a f r o m 
o t h e r s o u r c e s , a nd e x p l a i n s m o s t o f t h e e x p e r i m e n t a l 
o b s e r v a t i o n s . 
The o b s e r v a t i o n s t o be e x p l a i n e d b y a n y m o d e l 
a r e : 
( a ) The r e d u c t i o n i n b a r r i e r h e i g h t p r o d u c e d 
b y i l l u m i n a t i o n , shown by a c r o s s - o v e r o f t h e d a r k 
a n d l i g h t I ( V ) c u r v e s , ( s e e F i g u r e ( 2 . 2 ) ) ; 
( b ) The e n h a n c e m e n t and q u e n c h i n g e f f e c t s 
o f c e r t a i n w a v e l e n g t h i l l u m i n a t i o n when s u p e r i m p o s e d 
o n s t e a d y w h i t e i l l u m i n a t i o n ; 
( c ) The w i d e s p e c t r a l r e s p o n s e w i t h a l o w 
e n e r g y t h r e s h o l d a t 1.2 eV.; 
(d ) The s l o w r e s p o n s e t i m e a t c e r t a i n w ave-
l e n g t h s . ( T h i s i s o b s e r v e d w i t h h e a t e d c e l l s o n l y ) ; 
( e ) The s l o w d r i f t o f c e l l c h a r a c t e r i s t i c s 
u n d e r f o r w a r d b i a s i n t h e d a r k ; 
( f ) The s h a r p d i p i n t h e p h o t o c u r r e n t 
s p e c t r a l r e s p o n s e a t t h e b a n d gap o f CdS when t h e 
Cu 2S l a y e r i s t h i n ; 
( g ) The r e d u c t i o n i n j u n c t i o n c a p a c i t a n c e 
a f t e r h e a t i n g a c e l l ; 
( h ) The i m p r o v e d s q u a r e n e s s o f t h e I ( V ) 
c u r v e a f t e r h e a t i n g a c e l l ; 
illuminated current, I ( m A ) 
C V C - 5 - A - 2 
cell area = 43cm too 
vo!tage,V(m\/ 
IOO OCV=493 2 0 0 3 0 0 4 0 0 
IOO 
2 0 0 r 
3 0 0 
22 mW 
max 
4 0 C 
50ChSCC=495 
F.F. = 5 0 % 
n = 2 % 
FIG. 2.2. I (V) FOR LARGE AREA CdS SOLAR CELL. 
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( i ) H i g h e s t o b s e r v e d o p e n c i r c u i t v o l t a g e 
(OCV) i s 800 mV., a t 4°K w i t h t h e e q u i v a l e n t o f f i v e 
s u n s i l l u m i n a t i o n ; 
( j ) The e f f e c t s o f d o n o r d o p i n g t h e CdS, 
( e . g . t h e e n h a n c e m e n t s p e c t r u m moves t o l o n g e r wave-
l e n g t h s when i n d i u m i s i n t r o d u c e d ) ; 
( k ) R a d i a t i o n r e s i s t a n c e , n o d u l e g r o w t h , a nd 
o t h e r e f f e c t s a l r e a d y a s c r i b e d t o t h e h i g h C u + 
m o b i l i t y ; 
( 1 ) D e g r a d a t i o n a f t e r h e a t i n g f o r s e v e r a l 
m i n u t e s , c o n n e c t e d w i t h t h e c h a n g e i n c o m p o s i t i o n 
o f t h e Cu 2S l a y e r . 
2.6 THE CLEVITE CdS SOLAR CELL MODEL 
R e f e r e n c e s h o u l d be made t o t h e e n e r g y b a n d 
d i a g r a m shown i n F i g u r e ( 2 . 3 ) , i n c o n j u n c t i o n w i t h 
t h i s s e c t i o n . 
T h i s m o d e l h a s t h e f o l l o w i n g f e a t u r e s : -
( a ) G o l d f o r m s an o h m i c c o n t a c t t o p - C u 2 S , 
and s i l v e r / z i n c f o r m s an o h m i c c o n t a c t t o n-CdS. 
( b ) When t h e c e l l i s i l l u m i n a t e d , t h e p r i n c i p l e 
p h o t o - j u n c t i o n i s a t t h e p - C u 2 S / i - C d S i n t e r f a c e , w i t h 
a b a r r i e r h e i g h t o f 0.85 eV. 
( c ) When t h e c e l l i s i n d a r k n e s s , t h e 
p r i n c i p a l j u n c t i o n i s a t t h e i-CdS/n-CdS i n t e r f a c e , 
w i t h a b a r r i e r h e i g h t o f 1.2 eV. T h e r e i s a l s o a 
s m a l l r e v e r s e - b i a s e d j u n c t i o n b e t w e e n t h e p-Cu 2S 
an d t h e i - C d S , w i t h a b a r r i e r h e i g h t o f 0.35 eV. 
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(d ) The e l e c t r o n a f f i n i t y d i f f e r e n c e o f 
0.35 eV. i s a s t e p , w i t h no e l e c t r i c f i e l d a s s o c i a t e d 
w i t h i t . 
( e l M o s t o f t h e l i g h t i s a b s o r b e d i n t h e 
p " * C u 2 S l a v e r ' a i d e d by t h e n o n - p l a n a r t o p o l o g y o f 
t h e c e l l s u r f a c e . 
( f ) Th.e c o p p e r - c o m p e n s a t e d i-CdS r e g i o n i s 
p h o t o c o n d u c t i v e a n d b e h a v e s a,s w e a k l y n ~ t y p e CdS when 
i l l u m i n a t e d t h r o u g h t h e C u 2 S . 
( g ) The c e l l s p e c t r a l r e s p o n s e a g r e e s w i t h t h e 
i n t r i n s i c a b s o r p t i o n s p e c t r u m o f Cu 2S m o d i f i e d b y t h e 
p h o t o c o n d u c t i v e p r o p e r t i e s o f CdS, 
Ch} U n d e r f o r w a r d b i a s (n-CdS n e g a t i v e ) t h e r e 
i s r e c o m b i n a t i o n v i a t h e Cu 2S/CdS i n t e r f a c e s t a t e s , 
p l u s b u l k and s u r f a c e r e c o m b i n a t i o n . 
( i ) C u 2 S h a s a p p r e c i a b l e i o n i c m o b i l i t y a t 
r o o m t e m p e r a t u r e , i n c r e a s i n g w i t h t e m p e r a t u r e , and 
c h a n g e s i t s s t o i c h i o m e t r y a n d s t r u c t u r e i n a i r , so 
t h a t i t s e l e c t r i c a l a n d o p t i c a l p r o p e r t i e s c h a n g e . 
The e l e c t r o n s and h o l e s a r e o p t i c a l l y c r e a t e d , 
a n d a r e s u b s e q u e n t l y c o l l e c t e d b y t h e Ag/Zn and Au 
e l e c t r o d e s r e s p e c t i v e l y . P h o t o n s w i t h e n e r g i e s b e l o w 
1.2 eV. a r e n o t a b s o r b e d b y th.e s e m i c o n d u c t o r s and 
a r e l o s t i n t h e s u b s t r a t e o r a r e r e f l e c t e d . P h o t o n s 
w i t h e n e r g i e s b e t w e e n 1.2 eV. and 2.4 eV. a r e m o s t l y 
a b s o r b e d i n t h e Cu 2S t o p r o d u c e e l e c t r o n s and h o l e s , 
b u t a f r a c t i o n i s t r a n s m i t t e d a n d a b s o r b e d i n t h e 
i-CdS r e g i o n t o g i v e t h e o b s e r v e d p h o t o c o n d u c t i v e 
e f f e c t s . P h o t o n s w i t h h i g h e r e n e r g i e s a r e a b s o r b e d 
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n e a r t h e o u t e r f a c e o f t h e Cu 2S l a y e r t o p r o d u c e 
e l e c t r o n s a n d h o l e s , w h i c h r a p i d l y r e c o m b i n e b y t h e 
m e c h a n i s m s m e n t i o n e d p r e v i o u s l y . 
E l e c t r o n s p r o d u c e d i n t h e Cu 2S l a y e r d i f f u s e 
t o w a r d s t h e Cu 2S/CdS i n t e r f a c e . From h e r e t h e y f a l l 
i n t o t h e i-CdS r e g i o n and d r i f t i n t o t h e n-CdS u n d e r 
t h e i n f l u e n c e o f t h e b u i l t - i n f i e l d . H o l e s a r e t h e 
m a j o r i t y c a r r i e r s i n p-Cu 2S a n d a r e e a s i l y c o l l e c t e d 
by t h e g o l d g r i d . A t t h e same t i m e t h e e l e c t r o n s 
a r e c o l l e c t e d by t h e s u b s t r a t e e l e c t r o d e , 
Bube e t a l o f S t a n f o r d U n i v e r s i t y p r o p o s e 
a s l i g h t l y d i f f e r e n t e n e r g y b a n d scheme a t t h e 
C u 2 S / i - C d S j u n c t i o n . T h e i r m o d e l p l a c e s t h e 
c o n d u c t i o n b a n d o f CdS 0,1 eV, a b o v e t h e b o t t o m o f 
t h e c o n d u c t i o n b a n d o f C u 2 S , i n s t e a d o f 0.35 eV. b e l o w . 
T h i s g i v e s r i s e t o a n a r r o w e n e r g y s p i k e w h i c h a l l o w s 
e l e c t r o n s t o t u n n e l t h r o u g h i t . W i t h t h i s m o d e l t h e 
e l e c t r o s t a t i c b a r r i e r w o u l d be 1,2 eV,; f a r g r e a t e r 
t h a n t h e maximum o b s e r v e d OCV, The a r g u m e n t s f o r and 
a g a i n s t t h i s m o d e l h i n g e o n t h e w i d t h o f t h e s p i k e , 
w h i c h i t s e l f d e p e n d s o n t h e n e t d o n o r c o n c e n t r a t i o n 
a d j a c e n t t o t h e C u 2 S . The S t a n f o r d g r o u p ' s assumed 
17 -3 
v a l u e o f 10 cm. i s t o o h i g h f o r h e a t - t r e a t e d 
c e l l s , b u t may be r e a s o n a b l e f o r u n h e a t e d c e l l s , 
w h e r e t u n n e l l i n g i s i n f a c t a l i k e l y c a u s e o f t h e 
u n s t a b l e a n d p o o r l y s h a p e d I ( V ) c u r v e s . 
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2 . 7 CONCLUSION 
I t must be understood t h a t i n normal o p e r a t i o n 
the p h o t o v o l t a i c j u n c t i o n i s working i n the r e v e r s e 
d i r e c t i o n : s i n c e the m i n o r i t y c a r r i e r s c o n s t i t u t e 
the p h o t o c u r r e n t , the p h o t o j u n c t i o n a i d s t h e i r movement. 
The d i f f u s i o n p o t e n t i a l i s o n l y a b a r r i e r f o r the 
dark c u r r e n t which flows under forward b i a s . The 
c u r r e n t which i s d e l i v e r e d by an i l l u m i n a t e d s o l a r 
c e l l i s t h e r e f o r e g i v e n by the p h o t o v o l t a i c diode 
e q u a t i o n : 
I = I (exp(eV/AkT) - 1} - I 
where: I = l i g h t - g e n e r a t e d c u r r e n t , 
I = r e v e r s e (leakage) c u r r e n t , 
V = p o t e n t i a l a c r o s s the j u n c t i o n , 
A = diode f a c t o r , 
T = o p e r a t i n g temperature. 
The c e l l has the e q u i v a l e n t c i r c u i t shown i n 
F i g u r e (2.4) when the shunt and s e r i e s r e s i s t a n c e s 
a r e i n c l u d e d . 
Although only a v e r y b r i e f survey of the 
f a b r i c a t i o n and o p e r a t i o n of the CdS s o l a r c e l l has 
been g i v e n , v a r i o u s f e a t u r e s of the d e v i c e can be 
seen to r e q u i r e f u r t h e r i n v e s t i g a t i o n . Some of these 
form the s u b j e c t s of the f o l l o w i n g c h a p t e r s . 
The work of t h i s t h e s i s concerns the e f f e c t 
of v a r y i n g the r e s i s t i v i t y and dopant c o n c e n t r a t i o n 
of the CdS on the c e l l c h a r a c t e r i s t i c s , and i n 
p a r t i c u l a r on the OCV. From the f o r e g o i n g d i s c u s s i o n , 
-o 
4 
I ocv D D 
vww 
I [ ) = Recombination Current. , R ( - i - C d S resistance. 
RQ = Diode effective resistance R2 = Lumped series resistance, 
(vo l tage dependent) R3 = Shunt resistance. 
FIG. 2 .4 . CdS SOLAR CELL EQUIVALENT CIRCUIT. 
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t h e s e parameters would be expected to have an e f f e c t 
on the s e r i e s r e s i s t a n c e of the c e l l , and on the r a t e 
of growth of the i - l a y e r . 
Quenching and enhancement of the p hotovoltage, 
w i t h the a s s o c i a t e d response time e f f e c t s , have a l s o 
been i n v e s t i g a t e d to c o n f i r m the e x i s t e n c e of a 
photoconducting CdS l a y e r . 
A p o l i s h e d and p l a t e d CdS s u r f a c e would be 
expected to g i v e a lower s h o r t c i r c u i t c u r r e n t (SCC) 
than a roughened s u r f a c e , s i n c e the topology a f f e c t s 
the o p t i c a l a b s o r p t i o n . We s h a l l p r e s e n t r e s u l t s 
showing a c o r r e l a t i o n between OCV and s u r f a c e f i n i s h . 
F u r t h e r experiments have been c a r r i e d out i n 
vacuum to determine i n what way an i n c r e a s e or 
d e c r e a s e i n o p e r a t i n g temperature would a f f e c t the OCV. 
P r e l i m i n a r y T.S.C. measurements were made on 
u n i l l u m i n a t e d b i a s e d c e l l s to a s c e r t a i n the f e a s i b i l i t y 
of d e t e r m i n i n g the c o n c e n t r a t i o n of i n t e r f a c e s t a t e s 
and t h e i r energy d i s t r i b u t i o n by t h i s t e c h n i q u e . 
I t was hoped t h a t i f a low c o n c e n t r a t i o n of 
i n t e r f a c e s t a t e s could be a c h i e v e d , i n f r a - r e d e l e c t r o -
l u m inescence would be d e t e c t e d when the c e l l was 
o p e rated under r e v e r s e b i a s . 
T h i s l e d n a t u r a l l y to a s t r u c t u r a l study of 
t h i n f i l m CdS u s i n g X-rays and e l e c t r o n microscopy. 
S i n c e CdS i s the base l a y e r of the Cu 2S/CdS c e l l , 
i t would seem t h a t a major p a r t of the r e s e a r c h e f f o r t 
s hould be c o n c e n t r a t e d on i t s p r o p e r t i e s i f the p h y s i c s 
of the CdS s o l a r c e l l i s to be f u l l y understood. 
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CHAPTER 3 ; CdS THIN FILMS 
The broad s u b j e c t known as ' t h i n f i l m s ' embraces 
s e v e r a l d i s c i p l i n e s and has a v a s t l i t e r a t u r e a s s o c i a t e d 
w i t h i t , i n c l u d i n g s e v e r a l s p e c i a l i s t j o u r n a l s . I n t h i s 
c h a p t e r i t i s proposed to i n d i c a t e a number of a v a i l a b l e 
methods which have been used to p repare t h i n f i l m s of 
s emiconducting I I - V I compounds, w i t h s p e c i a l r e f e r e n c e 
to .CdS. The r e a s o n s f o r the c h o i c e of method used to 
make t h i n f i l m s of CdS and CdSe i n the p r e s e n t work 
should then become apparent. 
S i n c e some i n i t i a l work was c a r r i e d out on t h i n 
f i l m s of CdSe i n p r e p a r a t i o n f o r the subsequent s t u d i e s 
of CdS t h i n f i l m s , the r e s u l t s of t h e s e e a r l i e r s t u d i e s 
have been p r e s e n t e d as an appendix to t h i s t h e s i s . 
3 . 1 I I - V I THIN FILM PREPARATION 
The e x a c t t e c h n i q u e employed i n f a b r i c a t i n g a 
semiconducting t h i n f i l m can have a s t r o n g i n f l u e n c e on 
the p r o p e r t i e s of the f i l m , and so d i f f e r e n t d e v i c e s 
may r e q u i r e d i f f e r e n t f a b r i c a t i o n methods. I t i s 
p o s s i b l e t h a t a c o m p a r a t i v e l y crude technology w i l l 
s u f f i c e f o r c e r t a i n a p p l i c a t i o n s i n which a p o l y c r y s t a l l 
s t r u c t u r e i s a c c e p t a b l e , whereas an e l a b o r a t e and 
e x p e n s i v e method may be i m p e r a t i v e i f a s i n g l e c r y s t a l 
f i l m i s n e c e s s a r y . D i s c u s s i o n s of the many methods 
a v a i l a b l e f o r producing t h i n f i l m s of a wide range of 
m a t e r i a l s a r e to be found i n books by Holland (1963), 
Anderson (19661, and Chopra (1969). S h a l l c r o s s (1967) 
has reviewed t h o s e methods of f i l m d e p o s i t i o n which have 
been used s p e c i f i c a l l y f o r I I - V I compounds. 
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Below we g i v e a summary of those t e c h n i q u e s 
which have been r e p o r t e d to produce CdS t h i n f i l m s , 
w i t h an i n d i c a t i o n of the use to which each type of f i l m 
has been put by p r e v i o u s r e s e a r c h e r s . 
(a) S i n t e r e d l a y e r s of CdS powder were prepared 
by Thomsen and Bube (1955), Kitamura (1960), M i c h e l e t t i 
and Mark (1968). Dopants such as Cu and C l were sometimes 
added to i n c r e a s e the p h o t o s e n s i t i v i t y of the l a y e r s , and 
the e f f e c t s of oxygen on the p h o t o s e n s i t i v e response 
were s t u d i e d a f t e r heat treatment of the l a y e r s i n 
v a r i o u s ambients. Nakayama (1969) has r e p o r t e d a 6-9% 
e f f i c i e n t CdS s o l a r c e l l based on a ceramic p l a t e of 
CdS, thus the method, although crude, can produce a cheap 
but heavy d e v i c e . 
(b) By s p r a y i n g two s o l u t i o n s , one of CdCl^ and 
one of t h i o u r e a , onto a heated s u b s t r a t e and then 
t h e r m a l l y decomposing the r e s u l t i n g l a y e r by a f u r t h e r 
bake, i t i s p o s s i b l e to form a p o l y c r y s t a l l i n e CdS f i l m . 
The o t h e r c o n s t i t u e n t s escape as vapours, but t h e r e i s 
the p o s s i b i l i t y of some c h l o r i n e contamination of the 
f i l m . M i c h e l e t t i and Mark (1967) have s t u d i e d photo-
conducting CdS l a y e r s made i n t h i s way, and Chamberlain 
and Skarman (1966 a, b) have made CdS s o l a r c e l l s from 
such l a y e r s . The p r o c e s s appears to y i e l d adherent 
s t o i c h i o m e t r i c CdS i f the r a t i o s of the two s o l u t i o n s 
a r e c o r r e c t . Lawrance (1959) s t u d i e d s i m i l a r l a y e r s 
made by s p r a y i n g C d C l 2 onto a s u b s t r a t e and then h e a t i n g 
the f i l m i n H^S, but the problems of contamination are 
even h i g h e r w i t h t h i s t e c h n i q u e . 
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Cc) A second c h e m i c a l d e p o s i t i o n method, of 
l i m i t e d a p p l i c a t i o n , i s to d e p o s i t CdS onto a sub-
s t r a t e from a heated s o l u t i o n of cadmium tetra-ammonium 
s u l p h a t e and t h i o u r e a (B.I.O.S. f i n a l r e p o r t 530, Nagao 
and f a t a n a b e 1968). T h i s i s s i m i l a r to a technique 
used to prepare PbS d i e l e c t r i c m i r r o r s , and has s i m i l a r 
d i f f i c u l t i e s . I t i s r e p o r t e d t h a t the f i l m s are p o l y -
c r y s t a l l i n e , c u b i c , t e n a c i o u s and have high, r e s i s t i v i t y . 
The p h o t o s e n s i t i v i t y i s u n a f f e c t e d by oxygen or water 
vapour. U n f o r t u n a t e l y i t i s v e r y d i f f i c u l t to i n c r e a s e 
the t h i c k n e s s above about two microns. (Pavaskar 
and Menezes 1968, 1970). 
(d) Vapour phase e p i t a x y , a s used f o r S i and 
I I I - V compound d e v i c e s has been used to produce e p i t a x i a l 
ZnS on s i n g l e - c r y s t a l S i s u b s t r a t e s ( L i l l e y e t a l 1970), 
and a v a r i a n t of the technique was used by Cusano (1963) 
to make CdTe l a y e r s f o r s o l a r c e l l s . T h i s produced 
h i g h q u a l i t y f i l m s , but i s not p r a c t i c a l f o r l a r g e a r e a 
d e v i c e s on amorphous s u b s t r a t e s . 
(e) T h i c k f i l m technology based on ' s i l k -
s c r e e n e d ' l a y e r s i s mainly concerned w i t h the d e p o s i t i o n 
of c o n d u c t o r s and i n s u l a t o r s . Some experiments on 
semiconducting ' i n k s ' have been c a r r i e d out, i f not 
r e p o r t e d . Witt e t a l (1966) have used s i l k - s c r e e n e d 
CdS l a y e r s i n i n s u l a t e d - g a t e t h i n f i l m t r a n s i s t o r s ( T F T ) . 
The main problem w i t h t h i s technology i s t h a t the 
composition of the e x i s t i n g conductor i n k s i s an 
i n d u s t r i a l s e c r e t , and the problems of the conduction 
mechanism i n g l a s s y s o l i d s have not been s o l v e d . 
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( f ) Vacuum e v a p o r a t i o n i s an e s t a b l i s h e d 
p r o c e s s f o r producing both t h i c k and t h i n l a y e r s of 
most m a t e r i a l s , and a s a r e s u l t a l a r g e i n d u s t r y had 
evo l v e d which manufactures s p e c i a l i s e d e v a p o r a t o r s 
f o r many branches of s c i e n c e and technology. The major 
problem i s to choose the optimum method f o r s u p p l y i n g 
energy to the s o u r c e , such t h a t a vapour beam i s 
produced which w i l l condense on a s u b s t r a t e to form the 
f i l m . (For some s u g g e s t i o n s f o r e v a p o r a t i n g a wide 
range of s o l i d s see the Sloan 'notebook'). 
S p u t t e r i n g methods u t i l i s e s e v e r a l a l t e r n a t i v e 
e l e c t r o d e and source arrangements, a l t h o u g h some con-
f i g u r a t i o n s are l i m i t e d to conductors a l o n e . Xn a l l 
of t h e s e i t i s the p o s i t i v e i o n s which bombard the 
source and e j e c t p i e c e s of i t towards the s u b s t r a t e . 
R.F. s p u t t e r i n g has been used to produce l a y e r s 
of CdS, a s has argon i o n s p u t t e r i n g (Comas and Cooper, 
1966), and r e a c t i v e s p u t t e r i n g of Cd i n H 2S (Lakshmanan 
and M i t c h e l l , 19631 or CdO i n a i r p l u s a bake i n H 2S 
(Lawrance, 1959). 
Some s p u t t e r i n g r i g s r e q u i r e an expensive pure 
CdS cathode p l a t e , and most use p r e s s u r e s of g r e a t e r 
-4 
than 10 t o r r which encourages the i n c l u s i o n of 
i m p u r i t i e s . I n a d d i t i o n , the p r o c e s s i s not easy to 
c o n t r o l , and the f i l m s t r u c t u r e can be a f f e c t e d by the 
e l e c t r i c f i e l d s p r e s e n t . 
Thermal e v a p o r a t i o n i n one of i t s g u i s e s , of 
e i t h e r CdS or a mixture of CdS and an e x c e s s of one 
component has been the most popular t e c h n i q u e . 
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F l a s h e v a p o r a t i o n has been used f o r the I I I - V 
compounds, where the problems of m a i n t a i n i n g 
s t o i c h i o m e t r y are t a c k l e d by e v a p o r a t i n g the compound 
a p a r t i c l e a t a time, to ensure complete v a p o u r i s a t i o n . 
The source i s complex, and d i f f i c u l t to c o n t r o l i n 
order to avoid s p a t t e r i n g of the charge. 
Co-evaporation of CdS and S was used by 
P i z z a r e l l o (1964), and of Cd and S by de K l e r k and 
K e l l y (1965), L l e w e l l y n e t a l (1969), and King (1969), 
to ensure t h a t s t o i c h i o m e t r i c p r o p o r t i o n s of the 
c o n s t i t u e n t s a r r i v e d a t the s u b s t r a t e . T h i s seems to 
be an e x c e s s i v e l y complex way of c o n t r o l l i n g the f i l m 
p r o p e r t i e s , s i n c e i t i s p o s s i b l e to change the 
s t o i c h i o m e t r y of CdS f i l m s by v a r y i n g the e v a p o r a t i o n 
r a t e of CdS and the s u b s t r a t e temperature. However, 
i t i s p o s s i b l e to a t t a i n v e r y h i g h r e s i s t i v i t i e s , of 
12 
the order of 10 ohm cm., i n co-evaporated CdS f i l m s . 
Tn order to reduce the number of c o n t r o l l a b l e 
parameters i n a CdS e v a p o r a t i o n , i t i s a d v i s a b l e to 
evaporate the compound by s u p p l y i n g energy i n one of 
the f o l l o w i n g forms: l a s e r beam, r . f . f i e l d , e l e c t r o n 
beam, thermal r a d i a t i o n or conduction from a r e s i s t i v e l y -
heated f i l a m e n t . 
Most workers, i n common w i t h o u r s e l v e s , have 
used r e s i s t i v e l y - h e a t e d or electron-beam-heated s o u r c e s 
— 6 
i n a vacuum of about 10 t o r r , so t h a t t h e i r r e s u l t s 
can be compared d i r e c t l y w i t h o u r s . With other methods 
t h e r e a r e a d d i t i o n a l parameters, perhaps u n r e c o g n i s e d , 
which should be s t a t e d before a complete comparison can 
be made w i t h c o n f i d e n c e . 
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From an academic p o i n t of view, U.H.V. of l e s s 
_ g 
than 10 t o r r i s the only environment i n which to 
prepare and study a t h i n f i l m i n order to ensure a low 
i m p u r i t y c o n t e n t . T h i s i s com m e r c i a l l y i m p r a c t i c a l 
owing to the expense, s o p h i s t i c a t i o n and long duty 
c y c l e of U.H.V. r i g s . I t would be more u s e f u l ( i . e . 
c o m m e r c i a l l y p r a c t i c a b l e ) i f r e p r o d u c i b l e d e v i c e s could 
—6 
be prepared i n a high vacuum of 10 t o r r . 
3. 2 APPLICATIONS AND PROPERTIES OF CdS THIN FILMS 
E a r l y r e s e a r c h e r s d i d not r e a l i s e the importance 
of c o n t r o l l i n g , or a t l e a s t knowing the magnitude of a l l 
the parameters i n v o l v e d i n making a t h i n CdS f i l m . I n 
ess e n c e t h e i r procedure was to prepare a f i l m , then 
spend the g r e a t e r p a r t of t h e i r r e s e a r c h e f f o r t 
measuring i t s p r o p e r t i e s . Often the source m a t e r i a l 
was of dubious q u a l i t y , and a p o s t - d e p o s i t i o n treatment 
was. n e c e s s a r y to ' a c t i v a t e ' the f i l m . I t i s perhaps 
not s u r p r i s i n g t h a t many c o n f l i c t i n g r e p o r t s were 
p u b l i s h e d . 
The r e s u l t s of t h r e e e a r l y r e s e a r c h e r s , 
V e i t h C1950), A i t c h i s o n (1951) and Bramley (1955), 
who i n v e s t i g a t e d the p h o t o s e n s i t i v i t y of evaporated 
CdS l a y e r s , emphasised the importance of c o n t r o l l i n g 
the p r e s s u r e , s u b s t r a t e temperature, and i m p u r i t y 
c o n t e n t . I t i s now r e a l i s e d t h a t e q u a l l y important 
v a r i a b l e s a r e the e v a p o r a t i o n r a t e and source 
temperature, the f i l m t h i c k n e s s , the composition of 
the r e s i d u a l gas, the nature of the s u b s t r a t e and 
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s u r f a c e morphology. P o s t - e v a p o r a t i o n treatment of 
a f i l m may o v e r r i d e the importance of some of t h e s e 
by a l t e r i n g the s t r u c t u r e of the f i l m . 
I n a d d i t i o n to p h o t o v o l t a i c h e t e r o j u n c t i o n s , 
evaporated CdS f i l m s have been used a s ; 
(a) u l t r a s o n i c t r a n s d u c e r s (de K l e r k and 
K e l l y 1965, S l i k e r and Roberts 1967, F o s t e r 1967, 
Duncan e t a l 1968, 1969, C u r t i s 1969); 
(b) p h o t o r e s i s t o r s ; 
(c) phosphors; 
(d) e l e c t r o l u m i n e s c e n t l a y e r s (Andrews and 
Haden, 1969); 
(e) S.C.L. t r i o d e s and diodes (Dresner and 
S h a l l c r o s s 1962, Zuleeg 1963, Zuleeg and M u l l e r 1964, 
Brojdo e t a l 1965, L e a r n and Scott-Monck 1968, 
S r i v a s t a v a and Sinha 1970); 
( f ) h e t e r o j u n c t i o n diodes CAven and Cook 1961, 
Aven and Garwacki 1963, M u l l e r and Zuleeg 1964, Dutton 
and M u l l e r 1968); 
(g) i n s u l a t e d gate T.F.T.s (Haering 1964, 
M i k s i c e t a l 1964, Weimer 1964, O'Hanlon and Haering 
1969) . 
S t r u c t u r a l , e l e c t r i c a l , and o p t i c a l s t u d i e s of CdS 
t h i n f i l m s have been performed i n a number of l a b o r a t o r i e s , 
o f t e n with a p a r t i c u l a r a p p l i c a t i o n i n mind. 
When d e p o s i t e d normally onto a heated s u b s t r a t e , 
CdS t a k e s the hexagonal, w u r t z i t e s t r u c t u r e , w i t h a 
f i b r e a x i s o r i e n t a t i o n of m i c r o c r y s t a l l i t e s . The f i l m 
i s p o l y c r y s t a l l i n e w i t h the i n d i v i d u a l c-axfes roughly 
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a l i g n e d p e r p e n d i c u l a r to the s u b s t r a t e s u r f a c e 
(Andrushko 1962, Shalimova e t a l 1964, Rozgonyi and 
F o s t e r 1967, S h a l l c r o s s 19671. By e v a p o r a t i n g a t an 
angle to the s u b s t r a t e s u r f a c e , the c-axes of a t h i c k 
f i l m may become a l i g n e d a t an angle to the s u b s t r a t e 
s u r f a c e , p a r a l l e l to the i n c i d e n t vapour beam 
( F o s t e r 1967, F u k u n i s h i and N i i z e k i 1969). The s i z e 
of the m i c r o c r y s t a l l i t e s depends on both the f i l m 
t h i c k n e s s and the s u b s t r a t e temperature. C r y s t a l l i t e s 
may be s e v e r a l microns a c r o s s f o r a f i l m 20 microns 
t h i c k . (Addiss 1963, S h a l l c r o s s 1966, Berger e t a l 
1968) . 
The s u b s t r a t e temperature i s of major importance, 
f o r a t low temperatures ( i . e . l e s s than 150°C) more 
of the c u b i c , s p h a l e r i t e s t r u c t u r e i s p r e s e n t . A 
f i l m d e p o s i t e d on a room temperature s u b s t r a t e c o n t a i n s 
so much e x c e s s cadmium t h a t i t i s b l a c k . At s u b s t r a t e 
temperatures above 150°C the f i l m i s orange, changing 
to a p a l e y e l l o w c o l o u r and the hexagonal phase above 
200°C. Above 400°C the s u b s t r a t e i s hot enough to cause 
a p p r e c i a b l e r e - e v a p o r a t i o n and i t becomes i n c r e a s i n g l y 
d i f f i c u l t to form a d e p o s i t . (Wendland 1962, 
Shalimova e t a l 1964, S h a l l c r o s s 1966, B u j a t t i 1968). 
S u b s t r a t e t e x t u r e and c l e a n l i n e s s are always 
important i f r e p r o d u c i b l e r e s u l t s a r e to be obtained, 
but e s p e c i a l l y so when s i n g l e - c r y s t a l s u b s t r a t e s are 
used. Under th e s e c o n d i t i o n s i t i s p o s s i b l e to grow 
e p i t a x i a l c u b i c or hexagonal CdS l a y e r s i f the c o r r e c t 
e v a p o r a t i o n c o n d i t i o n s and s u b s t r a t e are employed 
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(Holloway and W i l k e s 1968, Wilcox and Holt 1969). 
The c l e a n e r the system, the l e s s s t r i n g e n t a r e the 
e p i t a x i a l l i m i t s , and the lower i s the d e f e c t c o n t e n t . 
D i f f e r e n t l y o r i e n t a t e d c u b i c and hexagonal CdS 
evaporated f i l m s have been prepared on d i f f e r e n t f a c e s 
of c l e a v e d and p o l i s h e d NaCl c r y s t a l s , by c o n t r o l l i n g 
the e v a p o r a t i o n r a t e and s u b s t r a t e temperature CAggarwal 
and Goswami 1963, Chopra and Khan 1967). Chopra (1969a) 
has reviewed the formation of m e t a s t a b l e s t r u c t u r e s 
by e p i t a x i a l p r o c e s s e s , and Holt (1966) has reviewed 
the c r y s t a l l o g r a p h y of d e f e c t s i n e p i t a x i a l f i l m s 
w i t h the s p h a l e r i t e s t r u c t u r e . 
The dark r e s i s t i v i t y of p o l y c r y s t a l l i n e CdS 
f i l m s changes w i t h the d e p o s i t i o n c o n d i t i o n s , but t h e r e 
have been c o n f l i c t i n g r e p o r t s about the e f f e c t s of 
s u b s t r a t e temperature and e v a p o r a t i o n r a t e . The 
m a j o r i t y view i s t h a t the r e s i s t i v i t y i n c r e a s e s w i t h 
i n c r e a s i n g s u b s t r a t e t e m p e ratures, but d e c r e a s e s w i t h 
i n c r e a s i n g e v a p o r a t i o n r a t e s . 
The p h o t o s e n s i t i v i t y changes i n the expected 
manner: the h i g h e r the r e s i s t i v i t y , the h i g h e r the 
p h o t o s e n s i t i v i t y (Shalimova e t a l 1 9 6 1 ) . 
The e l e c t r o n H a l l m o b i l i t y , u . i s a l s o a f f e c t e d 
r i 
by the d e p o s i t i o n c o n d i t i o n s and c r y s t a l l i n e s t r u c t u r e . 
I t i s lower i n p o l y c r y s t a l l i n e f i l m s than i n s i n g l e 
c r y s t a l f i l m s , and much lower than i n b u l k CdS. T y p i c a l 
2 -1 -1 
v a l u e s of about 10 cm. V. S. f o r p o l y c r y s t a l l i n e 
CdS f i l m s can be i n t e r p r e t e d u s i n g the P e t r i t z (1956) 
model f o r p o l y c r y s t a l l i n e f i l m s of PbS, PbSe, and PbTe. 
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According to t h i s theory the c a r r i e r s a re s c a t t e r e d 
and trapped by i n t e r c r y s t a l l i t e b a r r i e r s , which l e a d s 
to an e x p o n e n t i a l dependence of m o b i l i t y on temperature 
and b a r r i e r h e i g h t : 
J J h « y Q exp - (E/k.T) (Berger 1 9 6 1 ) 
U n f o r t u n a t e l y , i o n i s e d i m p u r i t y s c a t t e r i n g l e a d s 
3/2 to a dependence of u as T and the two mechanisms H 
are d i f f i c u l t to d i s t i n g u i s h e x p e r i m e n t a l l y ( S h a l l c r o s s 
1 9 6 7 , Neugebauer 1 9 6 9 ) . However most workers have 
favoured the P e t r i t z b a r r i e r model ( K a r p o v i c h and 
Zvonkov 1 9 6 5 , S h a l l c r o s s 1 9 6 6 , Neugebauer 1 9 6 8 ) . A 
study of the d r i f t m o b i l i t y , i n CdS t h i n f i l m s has 
been made by Waxman ( 1 9 6 5 , 1 9 6 6 ) and Neugebauer ( 1 9 6 8 ) 
u s i n g a f i e l d - e f f e c t c o n f i g u r a t i o n of c o n t a c t s to 
examine the s u r f a c e s t a t e s . The c o n c l u s i o n t h a t i n t e r -
c r y s t a l l i t e b a r r i e r s e x i s t was supported by t h i s work. 
Measurements of v a r i o u s o p t i c a l p r o p e r t i e s , 
such as v i s i b l e r e f l e c t i v i t y , i n f r a - r e d r e f l e c t i v i t y , 
and photoluminescence have been made by Gottesman and 
Ferguson ( 1 9 5 4 ) , P r o i x and B a l k a n s k i ( 1 9 6 9 ) , B l e h a 
and Peacock ( 1 9 7 0 ) , r e s p e c t i v e l y . 
I t has been r e p o r t e d t h a t p o s t - d e p o s i t i o n 
baking i n vacuum, a i r , H 2 S ' o r a n o n ~ r e a c t i v e gas such 
a s argon i n c r e a s e s both the p h o t o s e n s i t i v i t y and the 
c a r r i e r m o b i l i t y of CdS t h i n f i l m s (Boesman and A v i s 
1 9 6 3 , Berger e t a l 1 9 6 4 , S a k a i and Okimura 1 9 6 4 ) . 
The dark r e s i s t i v i t y has been shown to i n c r e a s e or 
de c r e a s e a f t e r such t r e a t m e n t . T h i s depends on the 
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s u b s t r a t e t e m p e r a t u r e u s e d d u r i n g t h e i n i t i a l p r e p a r a -
t i o n (Wendland 1 9 6 2 ) . T h e s e e f f e c t s h ave been e x p l a i n e d 
by ( i ) t h e s u b s t a n t i a l r e c r y s t a l l i s a t i o n w h i c h o c c u r s , 
and C i i l by t h e f a c t t h a t a r e a c t i o n w i t h oxygen c a n 
o c c u r . Oxygen i s known t o be an a c t i v e c o n s t i t u e n t 
w h i c h p r o m o t e s c h a n g e s i n t h e p h o t o s e n s i t i v i t y . 
(Kuwabara 1954, E s b i t t 1 9 6 5 ) . 
Many w o r k e r s have i n v e s t i g a t e d t h e r e c r y s t a l -
l i s a t i o n phenomena w h i c h c a n be o b s e r v e d when a CdS 
f i l m i s h e a t e d i n c o n t a c t w i t h a t h i n m e t a l l a y e r . 
G i l l e s and Van C a k e n b e r g h e (1958) u s e d a t h i n e v a p o r a t e d 
l a y e r o f Ag, Cu, Pb, I n , A l , B, or Zn f o l l o w e d by 
b a k i n g i n an i n e r t a t m o s p h e r e a t 500° - 600°C. T h i s 
i n c r e a s e d t h e c r y s t a l l i t e s i z e and p h o t o s e n s i t i v i t y o f 
t h e e v a p o r a t e d l a y e r s o f CdS. U s i n g t h i s t e c h n i q u e , 
A d d i s s (1963) i n c r e a s e d t h e m o b i l i t y o f h i s f i l m s from 
2 -1 -1 
1 t o 50 cm. V. S. , and D r e s n e r and S h a l l c r o s s 
a c h i e v e d m o b i l i t i e s e q u a l t o t h a t i n b u l k CdS. 
More c o m p l i c a t e d methods i n w h i c h s e v e r a l o f 
th.e above t r e a t m e n t s were employed j o i n t l y have been 
r e p o r t e d by B<5er e t a l (1966) . V e c h t and A p l i n g (1963) 
u s e d a v a r i a n t o f t h e G i l l e s and Van C a k e n b e r g h e method. 
I n t h e i r t e c h n i q u e t h e CdS f i l m was immersed i n a 
s u s p e n s i o n o f an o r g a n o m e t a l l i c compound i n a h o t i n e r t 
o r g a n i c f l u i d ( s u c h a s S i l i c o n e 7 0 4 ) . 
P r e v i o u s t o t h i s , N e l s o n (1955) had s t u d i e d 
t h e e a r l y f o r m i n g p r o c e s s e s and had s u g g e s t e d t h a t 
e x c e s s cadmium was o x i d i s e d d u r i n g t h e a i r b a k e , w i t h 
v a r y i n g e f f e c t s a c c o r d i n g t o t h e p u r i t y o f t h e CdS c h a r g e . 
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V e c h t h a s a l s o s t u d i e d t h e e f f e c t s o f a h o t bake 
i n t h e a b s e n c e o f a m e t a l , and c o n c l u d e d t h a t t h e 
r e c r y s t a l l i s a t i o n was i n i t i a t e d by d u s t and s c r a t c h e s , 
w h e r e a s t h e m e t a l a i d e d r e c r y s t a l l i s a t i o n by t h e 
f o r m a t i o n o f an i n t e r m e d i a t e compound. The a c t i v a t i o n 
and r e c r y s t a l l i s a t i o n o f I I - V I compound l a y e r s i s 
r e v i e w e d i n an a r t i c l e by V e c h t ( 1 9 6 6 ) . 
3.3 CONCLUSION 
The l a r g e amount o f p u b l i s h e d work on CdS 
t h i n f i l m s i s i n d i c a t i v e o f t h e wide r a n g e o f p o s s i b l e 
a p p l i c a t i o n s o f s u c h s t r u c t u r e s . However, much o f t h e 
e a r l y work p r o d u c e d c o n f l i c t i n g r e s u l t s and s h o u l d be 
t r e a t e d w i t h c a u t i o n w h e r e v e r t h e p r e p a r a t i o n t e c h n i q u e 
h a s n o t been f u l l y d e s c r i b e d . The c l e a n l i n e s s b o t h 
o f t h e s y s t e m and o f t h e m a t e r i a l i s v e r y i m p o r t a n t , 
a l t h o u g h a f o r m i n g p r o c e s s h a s been known t o o v e r r i d e 
t h i s c o n s i d e r a t i o n . The f o l l o w i n g c h a p t e r w i l l be 
d e v o t e d t o a d e s c r i p t i o n o f t h e a p p a r a t u s w h i c h was 
u s e d t o p r o d u c e t h e t h i n f i l m s u s e d i n t h e p r e s e n t 
s t u d y . 
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CHAPTER 4 : PREPARATION OF THE Cdg F I L M 
4 . 1 THE VACUUM SYSTEMS 
F i g u r e ( 4 . 1 ) i s a s c h e m a t i c d i a g r a m o f t h e 
v a l v e s and pumps on t h e e v a p o r a t i o n s y s t e m w h i c h was 
u s e d t o p r o d u c e most o f t h e f i l m s t o be d i s c u s s e d . 
Two gauges were employed t o m e a s u r e t h e p r e s s u r e i n 
t h e work chamber: a t h e r m o c o u p l e gauge ( A . E . I . VC 12) 
-2 
f o r p r e s s u r e s above 10 t o r r , and an i o n gauge ( A . E . I . 
-3 
VC 10/VH9) f o r p r e s s u r e s below 10 t o r r . The l o w e s t 
g 
a t t a i n a b l e p r e s s u r e was 1.0 x 10 t o r r , w i t h S i l i c o n e 
705 pump f l u i d i n t h e 3" d i f f u s i o n pump, and l i q u i d 
n i t r o g e n i n t h e c o l d t r a p . Most e v a p o r a t i o n s were 
-5 
c a r r i e d o u t a t p r e s s u r e s b e l o w 10 t o r r . 
A l a r g e r s y s t e m w i t h s i m i l a r components (made 
by E d w a r d s H i g h Vacuum L t d . ) was b u i l t a r o u n d a 4" 
o i l d i f f u s i o n pump, t o e n a b l e t h e e l e c t r o n gun t o be 
u s e d a t h i g h e r p o w e r s , where t h e s p e e d o f t h e s m a l l e r 
d i f f u s i o n pump was i n s u f f i c i e n t t o h a n d l e t h e o u t g a s s i n g 
o f t h e s o u r c e . 
A t h i r d s y s t e m was u s e d a t I.R.D. Co. L t d . 
T h i s c o n s i s t e d o f a C.V.C. 18" b e l l j a r (CV-164) w i t h 
o i l d i f f u s i o n pump and c o l d t r a p , o p e r a t e d by a u t o m a t i c 
-7 
s w i t c h i n g . A p r e s s u r e o f 10 t o r r c o u l d be a c h i e v e d 
w i t h i n 30 m i n u t e s . A ' S l o a n ' d e p o s i t c o n t r o l m a s t e r 
(OMNI I I ) was i n s t a l l e d t o m o n i t o r f i l m t h i c k n e s s and 
e v a p o r a t i o n r a t e . A c o m p l e t e e v a p o r a t i o n c y c l e c o u l d 
be c o n t r o l l e d u s i n g i t s o s c i l l a t i n g q u a r t z c r y s t a l 
d e t e c t o r and r e l a y s . 
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4 . 2 VACUUM CHAMBER FIX T U R E S 
R e f e r e n c e s h o u l d be made f i r s t t o F i g . ( 4 . 2 ) 
w h i c h d e p i c t s t h e a r r a n g e m e n t u s e d w i t h t h e r e s i s t i v e l y -
h e a t e d s o u r c e i n t h e 3" pump s y s t e m . 
S e v e r a l s i z e s o f s i l i c a c r u c i b l e wound w i t h 
t u n g s t e n o r molybdenum w i r e were u s e d s u c c e s s f u l l y , 
and t h e d i a g r a m shows t h e l a r g e s t o f t h e s e . T h i s 
h e a t i n g e l e m e n t was matched t o t h e L.T. t r a n s f o r m e r , 
e n a b l i n g t h e f u l l 30 A., 30V. t o be drawn i f r e q u i r e d . 
A t h i n q u a r t z wool b a f f l e i n t h e mouth o f t h i s c r u c i b l e 
was e s s e n t i a l t o p r e v e n t s p a t t e r i n g o f t h e CdS a t h i g h 
e v a p o r a t i o n r a t e s . A d e p o s i t i o n r a t e o f s e v e r a l 
o 
t h o u s a n d A n g s t r o m s p e r m i n u t e was e a s i l y a t t a i n a b l e 
w i t h CdS. 
The s u b s t r a t e s and t h e i r masks were c l a m p e d 
t o a s t a i n l e s s s t e e l b l o c k c o n t a i n i n g an i n s u l a t e d 
t u n g s t e n h e a t i n g e l e m e n t . The t e m p e r a t u r e was c o n -
t r o l l e d by an E t h e r " m i n i " c o n t r o l l e r w i t h a N i C r / N i A l 
t h e r m o c o u p l e i n c o n t a c t w i t h t h e s u b s t r a t e s u r f a c e . 
The volume between s u b s t r a t e and s o u r c e was 
e n c i r c l e d by a 9 cm. d i a m e t e r s i l i c a c y l i n d e r , w h i c h 
was r a d i a t i o n - h e a t e d by t h e s o u r c e , i n an e f f o r t t o 
r e t a i n b o t h components o f t h e v a p o u r w i t h i n t h e 
v i c i n i t y o f t h e s u b s t r a t e . T h i s e n h a n c e d s t o i c h i o -
m e t r i c g r o w t h by p r e v e n t i n g t h e p r e f e r e n t i a l c o n d e n s a -
t i o n of one e l e m e n t on t h e r e l a t i v e l y c o l d w a l l s 
o f t h e b e l l - j a r . R e p r o d u c i b l e r e s u l t s from f i l m s 
d e p o s i t e d a t low e v a p o r a t i o n r a t e s c o u l d o n l y be 
o b t a i n e d when t h i s " h o t w a l l " was i n p o s i t i o n . 
2> ACTUAL SIZE 
n 
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vzzzz 
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Thermocouple Ion Gauge 
Gauge 
Rotary Pump Diffusion 
Pump 
a) Ion Bombardment Rings 
b) Deposit Thickness Monitor 
c) Substrate Heater, Substrate, 
and Copper Mask. 
d) Shutter 
e) Thermocouple 
f) Silica Cylinder 
g) Mo Radiation Shield 
h) Silica Crucible and 
Tungsten Heater 
i) Charge and Quartz Wool 
Baffle. 
FIG. 4.2 BELL JAR FIXTURES 
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A d e p o s i t t h i c k n e s s m o n i t o r o f t h e o s c i l l a t i n g 
q u a r t z c r y s t a l t y p e ( G e n evac DTM 1) was p o s i t i o n e d 
c l o s e t o t h e s u b s t r a t e . The i n s t r u m e n t was c a l i b r a t e d 
a g a i n s t p o s t - e v a p o r a t i o n o p t i c a l d e t e r m i n a t i o n s o f f i l m 
t h i c k n e s s e s . Not o n l y c o u l d f i l m g r o w t h be f o l l o w e d 
i n s i t u , b u t i n a d d i t i o n t h e e v a p o r a t i o n c o u l d be s t o p p e d 
when t h e d e s i r e d t h i c k n e s s had been l a i d down. 
A s t a i n l e s s s t e e l s h u t t e r , o p e r a t e d t h r o u g h a 
r o t a r y s e a l , was p o s i t i o n e d i m m e d i a t e l y b e l o w t h e 
s u b s t r a t e and t h e c r y s t a l o f t h e DTM 1. CdS v a p o u r 
c o u l d t h e n be e x p o s e d t o e a c h o r n e i t h e r d u r i n g a c y c l e , 
and t h e s u b s t r a t e c o u l d be masked u n t i l o u t g a s s i n g had 
been c o m p l e t e d and t h e e v a p o r a t i o n r a t e had a t t a i n e d 
a c o n s t a n t v a l u e . 
The Genevac EBU 1 e l e c t r o n beam e v a p o r a t o r i s 
shown i n F i g . C 4 . 3 ) . I t w i l l be s e e n t h a t t h e h o t 
molybdenum f i l a m e n t was o p t i c a l l y s c r e e n e d from b o t h 
s o u r c e and s u b s t r a t e by t h e n e g a t i v e l y b i a s e d f o c u s s i n g 
c a g e and w a s h e r . The e l e c t r o n s were f o c u s s e d on t o 
t h e s u r f a c e of t h e e v a p o r a n t w h i c h was e i t h e r c o n t a i n e d 
i n one o f t h e f o u r molybdenum c r u c i b l e s i n t h e w a t e r -
c o o l e d h e a r t h , o r , when b o u l e s l i c e s were t h e e v a p o r a n t , 
was p l a c e d d i r e c t l y on t h e h e a r t h . E a c h c r u c i b l e c o u l d 
be p o s i t i o n e d b elow t h e e m i t t e r by a l a t e r a l movement 
o f t h e b e l l o w s s e a l , t h r o u g h a s t a i n l e s s s t e e l c o l l a r 
b e t w e e n b e l l - j a r and b a s e p l a t e . 
A 10 kV., 20 A. a t 7 V., v a r i a b l e power s u p p l y 
was c o n s t r u c t e d t o p r o v i d e b o t h t h e f i l a m e n t power and 
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a c c e l e r a t i n g p o t e n t i a l . T h i s e q u i p m e n t f o l l o w e d a 
d e s i g n o f M a r t i n ( 1 9 7 0 ) . S a f e t y i n t e r l o c k s were 
p r o v i d e d t o p r o t e c t b o t h t h e s u p p l y and t h e o p e r a t o r . 
A s t a b i l i s e d , maximum beam power o f 150 mA., 10 kV. 
was a v a i l a b l e . B o t h t h e c u r r e n t and t h e E.H.T. were 
i n d e p e n d e n t l y v a r i a b l e w i t h i n t h e s e l i m i t s . 
The l.R.D. Co. L t d . s o u r c e w h i c h was p l a c e d i n 
t h e 18" s y s t e m i s shown i n F i g . ( 4 . 4 ) . T h i s was a 
d i r e c t l y - h e a t e d t a n t a l u m c r u c i b l e c o n t a i n i n g 40 gm. of 
powdered CdS when f u l l . E v a p o r a t i o n r a t e s o f more t h a n 
a m i c r o n a m i n u t e were a t t a i n e d , and s i x 3" by 3" s u b -
s t r a t e s c o u l d be c o a t e d s i m u l t a n e o u s l y w i t h 20 m i c r o n s 
of CdS. S o u r c e and s u b s t r a t e s were 36 cm. a p a r t , and 
no 'hot w a l l ' was u s e d . 
The s i x s u b s t r a t e s were h e l d a g a i n s t a 
r a d i a t i o n - h e a t e d b l o c k and c o v e r e d by a s h u t t e r u n t i l 
t h e s o u r c e had been o u t g a s s e d and t h e e v a p o r a t i o n r a t e 
was s t e a d y . On c o m p l e t i o n o f t h e e v a p o r a t i o n t h e 
s u b s t r a t e s were l o w e r e d away from t h e s u b s t r a t e h e a t e r 
and so a l l o w e d t o c o o l more r a p i d l y . The s u b s t r a t e 
t e m p e r a t u r e was c o n t r o l l e d by an E t h e r " m i n i " and 
t h e r m o c o u p l e . 
A few p h o t o v o l t a i c c e l l s were made a t I.R.D-
Co. L t d . from f i l m s p r e p a r e d i n t h e 18" s y s t e m by 
e v a p o r a t i n g CdS from a s m a l l t a n t a l u m c r u c i b l e on t o 
a s i n g l e s u b s t r a t e , e m p l o y i n g t h e h o t w a l l t e c h n i q u e . 
T h i s a l t e r n a t i v e a r r a n g e m e n t had a s o u r c e to s u b s t r a t e 
d i s t a n c e o f 15 cm. 
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4.3 MASKS AND SUBSTRATES 
E v a p o r a t i o n masks f o r d e l i n e a t i n g e l e c t r i c a l 
c o n t a c t s and s a m p l e s on w h i c h t h e H a l l c o e f f i c i e n t 
c o u l d be m e a s u r e d were m a n u f a c t u r e d from 0.005" t h i c k 
c o p p e r s h e e t by p h o t o c h e m i c a l e t c h i n g . L e s s complex 
p a t t e r n s were m a c h i n e d from c o p p e r o r J h a r a l u m i n s h e e t . 
The c o p p e r masks were c l e a n e d i n c h r o m i c a c i d b e f o r e 
p l a c i n g them i n t h e work chamber. 
T h e r e a r e many s u i t a b l e s u b s t r a t e m a t e r i a l s , 
w i t h c o n t r a s t i n g p r o p e r t i e s . T hose w h i c h were a c t u a l l y 
employed i n c l u d e d v a r i o u s g l a s s e s ( p y r e x , C o r n i n g 0211, 
C o r n i n g 7 0 5 9 ) , m i c a , MgO, BaF^» N a C l , GaAs, and 
m e t a l l i s e d K a p t o n (a p o l y i m i d e p l a s t i c ) . T h e s e o b v i o u s l y 
r e q u i r e d d i f f e r e n t c l e a n i n g and h a n d l i n g t e c h n i q u e s 
b e f o r e a f i l m c o u l d be d e p o s i t e d . 
Much work had been done t o d i s c o v e r t h e b e s t way 
o f c l e a n i n g g l a s s s u b s t r a t e s when m e t a l f i l m s became 
c o m m e r c i a l l y i m p o r t a n t . The most commonly u s e d methods 
were a s e r i e s o f c h e m i c a l r i n s e s , o r glow d i s c h a r g e 
c l e a n i n g ( H o l l a n d , 1 9 5 8 ) , o r a l c o h o l v a p o u r d e g r e a s i n g 
( P u t n e r , 1 9 5 9 ) . I n h i s book on g l a s s e s , H o l l a n d (1966) 
came t o t h e c o n c l u s i o n t h a t a t h o r o u g h c h e m i c a l wash was 
a t l e a s t a s good a s i o n bombardment c l e a n i n g . The b e s t 
t e c h n i q u e i s t o remove g r o s s c o n t a m i n a t i o n i n a 
d e t e r g e n t - t y p e s o l v e n t by u l t r a s o n i c a g i t a t i o n , f o l l o w e d 
by d e g r e a s i n g i n p r o p a n - 2 - o l v a p o u r . 
A l t h o u g h glow d i s c h a r g e c l e a n i n g was l a t e r 
d i s c o n t i n u e d w i t h o u t any a d v e r s e e f f e c t s on f i l m 
s t r u c t u r e o r t e n a c i t y , some of our e a r l y f i l m s were 
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d e p o s i t e d on t o g l a s s which, had been s u b j e c t e d t o i o n 
bombardment a f t e r c h e m i c a l w a s h i n g w i t h t r i c h l o r o e t h y l e n e 
and t h e n w i t h p r o p a n - 2 - o l . 
To p r o d u c e t h e i o n bombardment a r e c t i f i e d E.H.T. 
s u p p l y o f 0-2.5 kV. was c o n n e c t e d t o t h e two i s o l a t e d , 
p u r e a l u m i n i u m r i n g e l e c t r o d e s p o s i t i o n e d a r o u n d t h e 
s u b s t r a t e a s shown i n F i g . (4.2).. S i n c e t h e f a s t e r 
e l e c t r o n s w i l l c o a t s u r f a c e s w i t h decomposed h y d r o c a r b o n s , 
o n l y t h e p o s i t i v e i o n s w i l l g i v e any b e n e f i c i a l e f f e c t . 
I t f o l l o w s t h e r e f o r e t h a t t h e s u b s t r a t e must be immersed 
i n t h e anode glow. T h i s was a c c o m p l i s h e d by s u i t a b l e 
p o s i t i o n i n g o f t h e r i n g s , and i n c r e a s i n g t h e p r e s s u r e 
-2 
t o a b o u t 10 t o r r by a d m i t t i n g d r y a i r t h r o u g h a n e e d l e 
v a l v e . I t h a s been shown by B a t e s o n (1952) t h a t a f a s t 
r e v e r s i b l e a b s o r p t i o n o f g a s commenced a s soon a s t h e 
d i s c h a r g e s t o p p e d , b u t t h e a b s o r b e d l a y e r c a n be d i s p l a c e d 
by t h e v a p o u r beam ( E l l i s , 1 9 6 8 ) . 
The s i n g l e - c r y s t a l s u b s t r a t e s were c l e a v e d or 
p o l i s h e d b e f o r e d e p o s i t i o n o f t h e f i l m s . C l e a v a g e took 
p l a c e e i t h e r i n a i r b e f o r e l o a d i n g t h e work chamber, 
u s i n g a c l e a v e r o f t h e t y p e d e s c r i b e d by H a r r i s ( 1 9 6 9 ) , o r 
i n s i t u i n t h e v a p o u r beam by s h a r p l y r o t a t i n g a ground 
edge o f t h e s h u t t e r a g a i n s t t h e c r y s t a l . Oxygen contam-
i n a t i o n w i l l be g r e a t e r f o r a s u r f a c e w h i c h h a s been 
c l e a v e d b e f o r e l o a d i n g t h a n f o r a s i m i l a r s u r f a c e c l e a v e d 
i n t h e v a p o u r beam, a l t h o u g h i t s h o u l d be n o t e d t h a t t h e 
t i m e t a k e n t o form a m o n o l a y e r of oxygen on a c l e a n 
— 6 
s u r f a c e a t 10 t o r r ( a s s u m i n g a s t i c k i n g p r o b a b i l i t y 
o f 0.2) i s o n l y a b o u t 10 S. 
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4 . 4 THE EVAPORATION CYCLE 
T h i s s e c t i o n i s devoted to a d e s c r i p t i o n of the 
sequence of s t e p s i n a t y p i c a l e v a p o r a t i o n of CdS on to 
g l a s s , u s i n g the 3" pump system p r e v i o u s l y d e s c r i b e d . 
( i ) The s u b s t r a t e was c l e a n e d by u l t r a s o n i c 
a g i t a t i o n i n a s o l u t i o n of t e e p o l or "quadralene," US/7 
i n s t r u m e n t c l e a n e r , r i n s e d i n d i s t i l l e d water, washed 
i n propan-2-ol, and f i n a l l y suspended i n propan-2-ol 
vapour f o r s e v e r a l minutes to ensure t h a t no s t a i n s would 
p e r s i s t on the dry s u r f a c e . 
C i i ) The s u b s t r a t e and a mask were clamped on 
to the s u b s t r a t e h e a t e r , and the c r u c i b l e was f i l l e d 
w i t h crushed CdS flow c r y s t a l s . I f the CdS was to be 
evaporated from a boule s l i c e by the e l e c t r o n gun, i t was 
cut by a diamond wheel or the w i r e saw d e s c r i b e d by 
Rushby and Woods (1970), and p l a c e d d i r e c t l y on the copper 
h e a r t h . 
( i i i ) The system was evacuated to l e s s than 
-5 
10 t o r r , and the s u b s t r a t e was heated to a t l e a s t 50°C 
above the r e q u i r e d s u b s t r a t e temperature f o r one hour. 
( i v ) The CdS was outgassed by g r a d u a l l y 
i n c r e a s i n g the source power. 
(v) CThe hot s u b s t r a t e was ion bombarded a t 
a p r e s s u r e of 10 ^ t o r r f o r a few minutesJicUe j>*«^ irj 
( v i ) The e v a p o r a t i o n r a t e and s u b s t r a t e 
temperature were s e t to the r e q u i r e d v a l u e and the s h u t t e r 
was opened a f t e r a steady s t a t e c o n d i t i o n had been a t t a i n e d . 
( v i i l The e v a p o r a t i o n r a t e was monitored by the 
DTM 1 u n t i l the f i l m had grown to the d e s i r e d t h i c k n e s s , 
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a t which p o i n t the s h u t t e r was c l o s e d and the source 
and s u b s t r a t e h e a t e r s were sw i t c h e d o f f . 
( v i i ) The s u b s t r a t e was allowed to c o o l to 
room temperature b e f o r e b r e a k i n g the vacuum. 
Cix l E l e c t r i c a l c o n t a c t s , when d e s i r e d , were 
evaporated from a molybdenum boat i n a s e p a r a t e g l a s s 
vacuum system pumped by a s m a l l mercury d i f f u s i o n pump 
and c o l d t r a p . 
4. 5 DETERMINATION OF FILM THICKNESS 
When the f i l m t h i c k n e s s was r e q u i r e d to be known 
a c c u r a t e l y , i t was measured o p t i c a l l y w i t h a Watson 
i n t e r f e r e n c e o b j e c t i v e . A r e f l e c t i n g m e t a l l i s e d l a y e r 
over an edge of the f i l m was d e s i r a b l e , and the indium 
e l e c t r i c a l c o n t a c t * p r o v e d i d e a l f o r t h i s purpose, provided 
t h a t they were d e p o s i t e d a t a p r e s s u r e of l e s s than 
-5 
10 t o r r and a t a high r a t e . 
T h i s o p t i c a l technique of measuring f i l m t h i c k n e s s 
employs double beam i n t e r f e r o m e t r y w i t h monochromatic 
i l l u m i n a t i o n , to produce F i z e a u i n t e r f e r e n c e f r i n g e s 
from both the m e t a l l i s e d f i l m and the m e t a l l i s e d s u b s t r a t e . 
The purpose of the m e t a l l i c l a y e r was to i n c r e a s e f r i n g e 
c o n t r a s t , and to e l i m i n a t e the d i f f e r e n t and unknown phase 
changes which occur on r e f l e c t i o n from d i e l e c t r i c s . The 
f i l m t h i c k n e s s could be c a l c u l a t e d from the f r i n g e 
d i s p l a c e m e n t a c r o s s the s t e p , which arose from the 
d i f f e r e n c e i n path l e n g t h s of the r e f l e c t e d beams, s i n c e 
the s e p a r a t i o n of l i k e - i n t e n s i t y f r i n g e s i s equal to h a l f 
the wavelength of the i l l u m i n a t i n g l i g h t (See F i g . 4 . 5 ) . 
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The t h i c k e r f i l m s (about 20 microns), prepared 
a t l.R.D. Co. L t d . could be measured d i r e c t l y u s i n g a 
c a l i b r a t e d microscope s t a g e . T h i s was done by f o c u s s i n g 
s u c c e s s i v e l y on the f i l m and on tlie a d j a c e n t s u b s t r a t e . 
These v a l u e s of t h i c k n e s s were checked f o r some f i l m s 
on g l a s s by o p t i c a l t r a n s m i s s i o n i n the near i n f r a - r e d , 
which gave i n t e n s i t y o s c i l l a t i o n s w i t h wavelength s c a n . 
From the s e p a r a t i o n of these peaks, the f i l m t h i c k n e s s 
was c a l c u l a t e d and found to agree w i t h the p r e v i o u s v a l u e s . 
Chopra (1969) r e v i e w s the a v a i l a b l e methods f o r 
f i l m t h i c k n e s s measurement, i n c l u d i n g those used h e r e . 
4.6 CONCLUSION 
A number of samples were prepared as d e s c r i b e d 
above, to c h a r a c t e r i s e the system w i t h r e s p e c t to f i l m 
r e s i s t i v i t y as a f u n c t i o n of d e p o s i t i o n parameters. We 
were e s p e c i a l l y i n t e r e s t e d i n the c o n d i t i o n s r e q u i r e d 
to produce low r e s i s t i v i t y f i l m s , f o r use i n p h o t o v o l t a i c 
j u n c t i o n s . The r e s u l t s , t o g e t h e r w i t h those obtained 
from other e l e c t r i c a l measurements, w i l l be p r e s e n t e d 
i n a l a t e r c h a p t e r . The importance of a c l e a n system 
and pure source m a t e r i a l w i l l be a p p r e c i a t e d from the 
r e s u l t s of the s t r u c t u r a l s t u d i e s made on both CdS and 
CdSe e p i t a x i a l f i l m s on s i n g l e - c r y s t a l s u b s t r a t e s . 
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CHAPTER 5 : STRUCTURAL PROPERTIES OF THE CdS FILMS 
5.1 POLYCRYSTALLINE LAYERS 
5.1.1 R e f l e c t i o n e l e c t r o n microscopy ( u s i n g a JEOL 
JEM 120 microscope, AD3 attachment and charge n e u t r a l i s e r ) , 
and Laue b a c k - r e f l e c t i o n X-ray photographs ( u s i n g a P h i l i p s 
PW 1003 X-ray g e n e r a t o r and PW 1030 f l a t - p l a t e camera), of 
CdS f i l m s i n s i t u on amorphous s u b s t r a t e s have shown t h a t 
they were p o l y c r y s t a l l i n e and hexagonal s t r u c t u r e d r e g a r d l e s s 
of s u b s t r a t e temperature, d e p o s i t i o n r a t e , or f i l m t h i c k n e s s . 
However, a l l f i l m s of more than a c e r t a i n t h i c k n e s s tended 
towards one degree of p r e f e r e n t i a l o r i e n t a t i o n , i n which 
the i n d i v i d u a l m i c r o c r y s t a l l i t e c-axes were n e a r l y a l i g n e d 
p e r p e n d i c u l a r to the s u b s t r a t e s u r f a c e . T h i s c r i t i c a l 
t h i c k n e s s was found to be dependent on the growth c o n d i t i o n s 
of the f i l m . 
V a l u e s f o r the spread i n angle between the c-axes 
and the normal to the CdS f i l m , the m i s o r i e n t a t i o n a n g l e , 
were o b t a i n e d by measuring the a n g u l a r l e n g t h of the dense 
a r c s on g l a n c i n g angle X-ray photographs, obtained as shown 
i n F i g u r e 5.1. The o p t i c a l d e n s i t y of such a r c s g r a d u a l l y 
d e c r e a s e d towards each end, i n d i c a t i n g t h a t the d i s t r i b u t i o n 
of c-axes w i t h i n t h i s angle was not uniform but ' b e l l - s h a p e d 1 . 
I n a d d i t i o n to the a r c s , the d i f f r a c t i o n p a t t e r n s 
c o n t a i n e d r a d i a l s t r e a k s o r i g i n a t i n g from the white r a d i a t i o n 
of the X-ray source which was not completely removed by the 
Ni f i l t e r i n the type of monochromator i n s t a l l e d . ( S i n c e 
t h e s e s t r e a k s showed the same p r e f e r e n t i a l o r i e n t a t i o n as 
the a r c s , some d i f f i c u l t y was e x p e r i e n c e d i n measuring the 
r a d i a l l i n e width whenever o v e r l a p p i n g o c c u r r e d ) . 
1 
NORMAL TO SAMPLE 
PHOTOGRAPHIC FILM 
DIFFRACTED BEAMS 
DIRECT BEAM 
[hkl) PLANE 
MONOCHROMATIC 
X RAY BEAM 
£ a = BEAM INCIDENT ANGLE ON (hkl) 
£ 4 «ANGLE OF DEVIATION OF PLANE NORMALS 
cos b 
cos c * cos a 
Lc - Lb for small La 
FIG. 51 PRODUCTION OF GLANCING "ANGLE X-RAY PATTERNS. 
- 70 -
The m i s o r i e n t a t i o n angle was measured f o r a number 
of f i l m s d e p o s i t e d on g l a s s s u b s t r a t e s a t 220°c a t t h r e e 
d i f f e r e n t r a t e s , c o v e r i n g the range of t h i c k n e s s from 1000 
to 40,000 The r e s u l t i n g p l o t s of angle a g a i n s t f i l m 
t h i c k n e s s a r e shown i n F i g u r e 5.2. From these c u r v e s i t can 
be seen t h a t f o r the t h i c k n e s s e s of CdS commonly employed i n 
the s o l a r c e l l d e v i c e ( i . e . about 20 m i c r o n s ) , the c-axes 
w i l l be c l o s e l y a l i g n e d w i t h the s u b s t r a t e normal. Measure-
ments on 20 micron t h i c k CdS l a y e r s on m e t a l l i s e d Kapton, 
and e xamination of c r o s s - s e c t i o n s of d e v i c e s , confirm t h a t 
columnar c r y s t a l l i t e s extend a c r o s s the CdS l a y e r s . At the 
o t h e r extreme, t h i n f i l m s a few hundred angstroms t h i c k are 
seen to be n e a r l y randomly o r i e n t a t e d , i r r e s p e c t i v e of the 
c o n d i t i o n s of p r e p a r a t i o n . T h i s confirms the e a r l i e r r e p o r t 
by A d d i s s ( 1 9 6 3 ) . 
Slow d e p o s i t i o n r a t e s , o b t a i n e d by u s i n g lower source 
t e m p e r a t u r e s , y i e l d b e t t e r o r i e n t a t e d f i l m s than f a s t r a t e s . 
From the few measurements made on f i l m s d e p o s i t e d on 
s u b s t r a t e s h e l d a t low temperatures i t can be concluded t h a t 
the p r e f e r e n t i a l alignment i n c r e a s e s w i t h d e c r e a s i n g s u b s t r a t e 
temperature to a t l e a s t 150°C. The e a r l y s a t u r a t i o n of the 
350-400 X/minute curve i n F i g u r e 5.2 i s a consequence of the 
s u b s t r a t e temperature i n c r e a s i n g w i t h time as the e v a p o r a t i o n 
c y c l e became l o n g e r : f o r example the temperature of the 2.5 
o o 
micron f i l m grown a t t h i s r a t e had r i s e n by 40 C to 260 C 
by the end of the e v a p o r a t i o n . 
I n the next c h a p t e r we s h a l l d e s c r i b e somewhat s i m i l a r 
v a r i a t i o n s w i t h t h i c k n e s s of the H a l l m o b i l i t y , e l e c t r i c a l 
r e s i s t i v i t y , and p h o t o s e n s i t i v i t y . For the p r e s e n t i t should 
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be noted t h a t the t h i c k n e s s of the CdS f i l m i s an important 
parameter u n l e s s the f i l m i s s e v e r a l microns t h i c k . 
5.1.2 The f i l m s which have been d e s c r i b e d so f a r 
were a l l evaporated on g l a s s s u b s t r a t e s , and t h e i r c r y s t a l -
l i t e s i z e was such t h a t Laue b a c k - r e f l e c t i o n photographs 
c o n s i s t e d of continuous r i n g s w ith no " s p o t t i n e s s " . The 
f o l l o w i n g l i n e - w i d t h formula, w i t h a s t r u c t u r e f a c t o r of 
u n i t y , has been a p p l i e d to the (002) a r c s on both X-ray and 
r e f l e c t i o n e l e c t r o n d i f f r a c t o g r a m s , to o b t a i n an apparent 
c r y s t a l l i t e s i z e f o r each sample, i . e . 
d = X/D cos0 
where X i s the X-ray or e l e c t r o n wavelength, D i s the angular 
l i n e - w i d t h a t h a l f maximum l i n e i n t e n s i t y , and 6 i s the 
Bragg a n g l e . 
The c r y s t a l l i t e dimension, d, was found to i n c r e a s e 
i Hn- i?-t- i . jijiuin. ill i e i l l p w i t h f i l m t h i c k n e s s ( F i g u r e 5 . 3 ) . 
Although an a c c u r a t e d e t e r m i n a t i o n of the a c t u a l c r y s t a l l i t e 
s i z e r e q u i r e d many c o r r e c t i o n s to be made to t h i s simple 
formula, some i d e a of the magnitudes i n v o l v e d can be obtained 
from i t s d i r e c t a p p l i c a t i o n . The apparent e l e c t r o n g r a i n 
s i z e i s s m a l l e r than the X-ray g r a i n s i z e because i n c i d e n t 
beam-width e f f e c t s are g r e a t e r , and i t i s n e c e s s a r y to 
s u b t r a c t the beam-width from the measured l i n e - w i d t h . T h i s 
c o r r e c t i o n has not been made to the r e s u l t s shown i n F i g u r e 5.3. 
E l a s t i c s t r a i n e f f e c t s i n the sample may a l s o be more 
impor t a n t i n the e l e c t r o n microscopy t e c h n i q u e . (See f o r 
example Rymer, 1970, pages 71-74). 
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More i m p o r t a n t l y i t appears t h a t the c r y s t a l l i t e s i z e 
i s not p r i m a r i l y a f u n c t i o n of the d e p o s i t i o n r a t e s i n c e 
p o i n t s o b t a i n e d from two s e r i e s of f i l m s d e p o s i t e d a t 
w i d e l y d i f f e r e n t r a t e s l i e on the same c u r v e . 
The absence of i n f o r m a t i o n f o r the t h i n n e r f i l m s on 
the X-ray s i z e curve i s due d i r e c t l y to the d i f f i c u l t y of 
o b t a i n i n g a c l e a r a r c i n the r a d i a l d i r e c t i o n from such 
t h i n samples. The g e n e r a l b l a c k e n i n g , and s t r e a k s a l r e a d y 
mentioned, towards the c e n t r e of the photographic f i l m made 
microphotometer t r a c e s very d i f f i c u l t to o b t a i n , even when 
a CdS p h o t o c e l l was i n s t a l l e d on the H i l g e r and Watts L 450 
i n s trument. 
A s e l e c t i o n of the r e f l e c t i o n e l e c t r o n d i f f r a c t i o n 
p a t t e r n s i s shown i n F i g u r e 5.4. These i n d i c a t e the 
i n c r e a s i n g o r i e n t a t i o n of the f i b r e a x i s of th e s e f i l m s as 
the t h i c k n e s s was i n c r e a s e d . 
I n summary i t can be s a i d t h a t these r e s u l t s confirm 
and extend those produced by S h a l l c r o s s (1966). 
5.2 EPITAXIAL LAYERS 
5.2.1 F i l m s d e p o s i t e d under the c o r r e c t c o n d i t i o n s 
on (111) f a c e s of BaF^/ and on (110) or (100) NaCl c l e a v e d 
f a c e s , were found to be e p i t a x i a l when s t r i p p e d from t h e i r 
s u b s t r a t e s i n water and examined by t r a n s m i s s i o n e l e c t r o n 
microscopy. The f i l m s on (100) or (110) NaCl s u b s t r a t e s 
p o s s e s s e d the c u b i c ( s p h a l e r i t e ) s t r u c t u r e , w h i l s t those on 
(111) B a F 2 were hexagonal ( w u r t z i t e ) . Most of the work to 
be r e p o r t e d was performed on (100) c u b i c l a y e r s . 
o 
F i g . 5 . 4 ( a ) F i l m T h i c k n e s s = 2,000A 
\ 
F i g . 5 . 4 ( b ) F i l m T h i c k n e s s = 15,000A" 
F i g . 5 . 4 ( c ) F i l m T h i c k n e s s = 40,000& 
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I n o r d e r to e l i m i n a t e the c o m p l i c a t i o n s and unknown 
f a c t o r s i n t r o d u c e d by the use of a t h i n n i n g technique to 
o b t a i n adequate e l e c t r o n t r a n s m i s s i o n , the samples were a l l 
l e s s than 2000 & t h i c k , which was w e l l w i t h i n the p o o r l y -
o r i e n t a t e d r e g i o n f o r f i l m s grown on amorphous s u b s t r a t e s . 
A few of the f i l m s on NaCl tended to w r i n k l e on the 
s u b s t r a t e when removed from the vacuum chamber. T h i s i s 
thought to be due to the formation of a m o i s t u r e - s e n s i t i v e 
l a y e r of cadmium c h l o r i d e between s u b s t r a t e and CdS by the 
p r e f e r e n t i a l e v a p o r a t i o n of contaminating c h l o r i n e compounds 
from the s o u r c e . (See Chapter 6 f o r some comments on the 
s o u r c e p u r i t y ) . R e l a x a t i o n i n i t i a t e d by m i s f i t d i s l o c a t i o n s 
would have o c c u r r e d d u r i n g the c o o l i n g p e r i o d b e f o r e exposure 
to the atmosphere and may t h e r e f o r e be excluded as a cause 
of t h i s phenomenon. 
5.2.2 I t was d i f f i c u l t but p o s s i b l e to grow good 
e p i t a x i a l f i l m s on (100) NaCl s u b s t r a t e s c l e a v e d i n a i r , by 
the e v a p o r a t i o n of CdS from the r e s i s t i v e l y - h e a t e d c r u c i b l e . 
S u c c e s s was a c h i e v e d by employing d e p o s i t i o n r a t e s as low 
as 5 8/minute on s u b s t r a t e s a t temperatures of more than 
180°C. Higher r a t e s , of up to 180 X/minute, produced 
i n c r e a s i n g l y poorer f i l m s . T r a n s m i s s i o n e l e c t r o n d i f f r a c t i o n 
p a t t e r n s from these f i l m s began to show p o l y c r y s t a l l i n e 
r e g i o n s between a d j a c e n t (100) r e g i o n s which were r o t a t e d 
w i t h r e s p e c t to one another. 
o 
By r a i s i n g the s u b s t r a t e temperature to over 200 C, 
l a r g e e p i t a x i a l l a y e r s could be obtained w i t h d e p o s i t i o n 
r a t e s of up to 70 A/minute. I f the s u b s t r a t e temperature 
was below 180°C, then r e g a r d l e s s of the d e p o s i t i o n r a t e 
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the f i l m s were e q u a l l y or predominantly p o l y c r y s t a l l i n e 
a c c o r d i n g to the e x a c t temperature. 
The electron-beam technique was more s u c c e s s f u l , 
a l l o w i n g a d e p o s i t i o n r a t e of up to 300 8/minute on a 
s u b s t r a t e a t more than 200°C to produce s i n g l e - c r y s t a l 
(100) e p i t a x i a l f i l m s over a t l e a s t one microscope support-
g r i d s p a c i n g (200 x 200 m i c r o n 2 ) . 
There were i n d i c a t i o n s t h a t f o r f i l m s produced by 
e i t h e r t e c h n i q u e the maximum u s e f u l v a l u e of the s u b s t r a t e 
temperature l a y a t about 300°C. Above t h i s temperature 
p o l y c r y s t a l l i n e d i f f r a c t i o n r i n g s became of equal or g r e a t e r 
i n t e n s i t y than the superimposed s p o t - a r r a y c h a r a c t e r i s t i c 
of a s i n g l e c r y s t a l . 
When s u b s t r a t e s were c l e a v e d i n s i t u i n the vapour 
beam no a p p r e c i a b l e improvement i n e p i t a x i a l q u a l i t y was 
apparent. To e x t r a c t any advantage from t h i s t e chnique, 
the h i g h e r e v a p o r a t i o n r a t e s which can be used w i t h the 
electron-beam method a r e p r e f e r a b l e because the p o s s i b i l i t y 
of c o n t a m i n a t i o n of the c l e a n s u r f a c e i s then reduced. 
5.2.3 S e l e c t e d - a r e a t r a n s m i s s i o n e l e c t r o n d i f f r a c t i o n 
p a t t e r n s from the good q u a l i t y e p i t a x i a l f i l m s were a r r a y s 
of s p o t s , uniform over a t l e a s t one s u p p o r t - g r i d s p a c i n g , 
even when the high r e s o l u t i o n d i f f r a c t i o n stage was employed 
(see F i g u r e 5 . 5 ) . Other f i l m s gave p a t t e r n s c o n t a i n i n g 
f e a t u r e s extraneous to the a p p r o p r i a t e pure d i f f r a c t o g r a m . 
For i n s t a n c e , the l e s s p e r f e c t (100) s p h a l e r i t e s t r u c t u r e 
f i l m s (those prepared near the upper end of the e p i t a x i a l 
c o n d i t i o n s s t a t e d p r e v i o u s l y ) c o n t a i n e d s p l i t s p o t s . 
F i g . 5 . 5 (100) E p i t a x i a l CdS 
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The e x a c t a p p e a r a n c e o f t h e s e p a t t e r n s i s o f i n t e r e s t 
s i n c e t h e p r e s e n c e o f e x t r a s p o t s , s p l i t s p o t s , and s t r e a k i n g 
a l l o w s d e d u c t i o n s t o be made c o n c e r n i n g t h e n a t u r e o f some 
of t h e d e f e c t s i n t h e f i l m s . E l e c t r o n d i f f r a c t i o n i s n o t 
a v e r y s e n s i t i v e t o o l f o r t h i s p u r p o s e s i n c e two a r e a s w i l l 
have d i f f e r e n t c o n t r a s t on a m i c r o g r a p h i f t h e y d i f f e r i n 
o r i e n t a t i o n by a f r a c t i o n o f a d e g r e e , w h e r e a s a m i s o r i e n t a -
t i o n o f s e v e r a l d e g r e e s i s n e c e s s a r y t o p r o d u c e two r e s o l v e d 
d i f f r a c t i o n s p o t s . T h e r e f o r e one must a l s o employ t h e 
t e c h n i q u e s o f b r i g h t - f i e l d (BF) and d a r k - f i e l d (DF) m i c r o -
s c o p y , w h i l s t t i l t i n g t h e s p e c i m e n t o new o r i e n t a t i o n s , i f 
a c o m p l e t e i d e n t i f i c a t i o n o f t h e s t r u c t u r a l d e f e c t s i s t o 
be made. 
The d e f e c t s e x p e c t e d i n a I I - V I compound f i l m i n c l u d e 
t h o s e l i s t e d b elow: 
(a) p o i n t d e f e c t s , e.g. v a c a n c i e s , i n t e r s t i t i a l s , 
i m p u r i t i e s , and a g g r e g a t e s o f t h e s e ; 
(b) d i s l o c a t i o n l i n e s and n e t w o r k s ; 
( c ) g r a i n b o u n d a r i e s and t w i n s ; 
(d) p l a n a r d e f e c t s s u c h a s s t a c k i n g f a u l t s , p o l y t y p e s , 
and m i c r o t w i n s ; 
(e) p h a s e t r a n s f o r m a t i o n s . 
The l a s t two groups a r e s t a r t e d by s t a c k i n g d i s o r d e r s i n 
w h i c h t h e u s u a l s e q u e n c e o f a t o m i c p l a n e s i s i n t e r r u p t e d 
i n v a r i o u s w a y s . S i n c e t h e y a r e so s i m i l a r , t h e s e d e f e c t s 
have c a u s e d much c o n t r o v e r s y a s t o t h e e f f e c t t h e y e a c h 
have on t h e e l e c t r o n d i f f r a c t i o n p a t t e r n s , and r e c o g n i t i o n 
of them from d i f f r a c t o g r a m s i s n o t s t r a i g h t f o r w a r d . 
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The s p l i t s p o t s o b s e r v e d on some s p h a l e r i t e (100) 
e l e c t r o n d i f f r a c t i o n p a t t e r n s from I I - V I f i l m s have t h e i r 
o r i g i n i n t w i n n i n g , o r i n i n c l u d e d g r a i n s o f w u r t z i t e 
s t r u c t u r e m a t e r i a l , or i n p l a n a r d e f e c t s . H o l t and 
c o w o r k e r s (Woodcock and H o l t 1969, W i l c o x and H o l t 1969, 
H o l t and W i l c o x 1971) s t r o n g l y s u p p o r t t h e p r e s e n c e o f 
i n c l u d e d w u r t z i t e g r a i n s i n t h i n f i l m s o f s p h a l e r i t e ZnS 
and CdS, w h e r e a s R a w l i n s (1970) s t a t e d t h a t t h e e x t r a f e a t u r e 
i n h i s e l e c t r o n d i f f r a c t i o n p a t t e r n s from ZnS on S i c o u l d be 
t o t a l l y e x p l a i n e d by t w i n n i n g and d o u b l e d i f f r a c t i o n . The 
two t h e o r e t i c a l (100) d i f f r a c t i o n p a t t e r n s f o r s p h a l e r i t e 
s t r u c t u r e compounds w i t h e i t h e r t w i n n i n g o r i n c l u d e d 
h e x a g o n a l p h a s e m a t e r i a l a r e t h e same a s t h o s e p u b l i s h e d 
by P a s h l e y and S t o w e l l (1963) f o r f e e (100) e p i t a x i a l g o l d 
f i l m s . ( I n f a c t t h e y s u p p o r t e d t h e e x i s t e n c e o f t w i n n i n g 
i n t h e i r s a m p l e s ) . 
P l a n a r d e f e c t s , i f p r e s e n t i n l a r g e numbers, may 
g i v e r i s e t o s t r e a k s between t h e p r i n c i p a l d i f f r a c t i o n 
s p o t s . Such s t r e a k s have been o b s e r v e d i n t h e p r e s e n t s t u d y 
o f (110) c u b i c f i l m s o f CdS and CdSe. U n f o r t u n a t e l y , 
s t r e a k i n g c a n a l s o be p r o d u c e d by t h e r m a l l a t t i c e d i s o r d e r 
o r by s t r a i n , and once a g a i n t h e s p e c i m e n must be t i l t e d 
t o e l i m i n a t e two o f t h e s e p o s s i b i l i t i e s . P l a n a r d e f e c t s 
may a l s o g i v e r i s e t o p s e u d o - s p l i t t i n g o r d i f f r a c t i o n s p o t s , 
b u t t i l t i n g t h e s p e c i m e n i n t h e m i c r o s c o p e e n a b l e s one t o 
d i s t i n g u i s h b etween t h i s and t h e two o t h e r c a u s e s o f s p o t -
s p l i t t i n g , f o r d i f f r a c t i o n from p l a n a r d e f e c t s i s s t r o n g l y 
o r i e n t a t i o n - d e p e n d e n t . 
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F i n a l l y , t h e r e m a i n i n g t y p e s o f d e f e c t s s u c h a s 
d i s l o c a t i o n l i n e s and l o o p s may be d i r e c t l y v i s i b l e a t 
h i g h m a g n i f i c a t i o n on a m i c r o g r a p h . 
5.2.4 We s h a l l now d e s c r i b e t h e r e s u l t s o f t h e 
p r e s e n t i n v e s t i g a t i o n o f t h e d e f e c t s i n e p i t a x i a l CdS 
l a y e r s , on t h e b a s i s o f t h e d i s c u s s i o n i n . t h e p r e c e d i n g 
s e c t i o n . 
The b e s t o f t h e (100) f i l m s d e p o s i t e d from t h e 
r e s i s t a n c e - h e a t e d s o u r c e c o n t a i n e d p a r t i a l s t r e a k s i n t h e 
(110) d i r e c t i o n s between t h e p r i n c i p a l d i f f r a c t i o n s p o t s 
from some a r e a s . T h e s e s h o r t s t r e a k s , o r p s e u d o - s p l i t - s p o t s , 
moved away from one s p o t t o merge w i t h n e x t i n t h e row a s 
t h e s a mple was t i l t e d , t h e a p p r o p r i a t e d i r e c t i o n o f movement 
b e i n g s e l e c t e d by t h e d i r e c t i o n o f t i l t ( s e e F i g u r e 5 . 6 ) . 
T h i s i n d i c a t e s t h a t t h e r e were p l a n a r d e f e c t s p r e s e n t , w h i c h 
p r o d u c e d d i f f r a c t i o n s p i k e s p e r p e n d i c u l a r t o t h e i r p l a n e . 
T h e s e s p i k e s were t h e n i n t e r s e c t e d a t v a r i o u s p o i n t s by 
t h e E w a l d s p h e r e a c c o r d i n g t o t h e s p e c i m e n o r i e n t a t i o n . 
C o n t i n u o u s s t r e a k s between t h e p r i n c i p a l s p o t s i n t h e (111) 
d i r e c t i o n were o b s e r v e d f o r c u b i c (110) - o r i e n t a t e d f i l m s , 
and t h e s e v a n i s h e d t o g e t h e r w i t h t h e p r i n c i p a l s p o t s when 
t h e s p e c i m e n was t i l t e d , w i t h o u t s h o w i n g i n t e n s i t y maxima 
a t any p o i n t a l o n g t h e s t r e a k s . I t i s d educed t h a t t h e 
p l a n a r d e f e c t s must l i e on t h e (111) p l a n e s . ( S e e a l s o t h e 
a p p e n d i x on CdSe l a y e r s ) . 
The f i l m s d e p o s i t e d a t t h e h i g h e r r a t e s o f a r o u n d 
90 ^ / m i n u t e from t h e r e s i s t a n c e - h e a t e d s o u r c e gave (100) 
d i f f r a c t i o n p a t t e r n s w i t h e x t r a s p o t s . The a p p e a r a n c e o f 
t h e s e p a t t e r n s was s i m i l a r t o t h a t o f t h e p s e u d o - s p l i t - s p o t 
F i g . 5 . 6 ( a ) S p l i t t i n g due to P l a n a r D e f e c t s 
F i g . 5 . 6 ( b ) S p l i t t i n g due t o P l a n a r D e f e c t s 
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p a t t e r n s j u s t d e s c r i b e d , b u t on t i l t i n g t h e s p e c i m e n t h e 
e x t r a s p o t s d i d n o t merge w i t h t h e p r i n c i p a l s p o t s . Sample 
F-13 ( d e p o s i t e d a t 87 ^ / m i n u t e on (100) N a C l a t 220°C) was 
one o f t h e s e f i l m s . B o t h t h e d i f f r a c t i o n p a t t e r n and a 
m i c r o g r a p h o f t h e s e l e c t e d a r e a u s e d t o form t h e p a t t e r n a r e 
shown i n F i g u r e 5.7. 
The c e n t r a l r i n g o f t w e l v e s p o t s i s s e e n t o be composed 
o 
of two e q u a l s e t s o f s i x s p o t s , w i t h a 30 r o t a t i o n between 
t h e two s e t s . T h e s e may be i n d e x e d a s due t o two s e t s o f 
h e x a g o n a l s t r u c t u r e p l a n e s a s shown. C l o s e e x a m i n a t i o n o f 
t h e m i c r o g r a p h ( 5 , 7 a ) r e v e a l s t h e e x i s t e n c e o f h e x a g o n a l -
s h a p e d g r a i n s ( 150-450 8 A.F.) o r i e n t a t e d i n two p o s i t i o n s 
o 
w i t h r e s p e c t t o t h e c u b i c m a t r i x and r o t a t e d by 30 from 
one a n o t h e r . By D.F. i m a g i n g e a c h o f t h e e x t r a d i f f r a c t i o n 
s p o t s i n t u r n , t h e two o r i e n t a t e d t y p e s o f g r a i n s were 
imaged a l t e r n a t e l y . Thus t h e s e c u b i c f i l m s p r e p a r e d on 
(100) N a C l f a c e s u s i n g a h i g h d e p o s i t i o n r a t e w i t h t h e 
r e s i s t a n c e - h e a t e d s o u r c e have been o b s e r v e d t o c o n t a i n 
d o u b l y - p o s i t i o n e d g r a i n s o f h e x a g o n a l m a t e r i a l w i t h t h e i r 
« 
b a s a l p l a n e s p a r a l l e l t o t h e (100) s p h a l e r i t e s t r u c t u r e 
p l a n e s . Woodcock and H o l t (1969) r e p o r t e d a s i m i l a r 
d i f f r a c t i o n p a t t e r n f o r t h e i r ZnS f i l m s , b u t t h e h e x a g o n a l 
s t r u c t u r e g r a i n s were s h a p e l e s s and t h e y d educed t h a t t h e i r 
b a s a l p l a n e s were p a r a l l e l t o t h e (100) c u b i c s u r f a c e . 
W i l c o x and H o l t (1969) and H o l t and W i l c o x ( 1 9 7 1 ) a l s o 
r e p o r t e d t h a t t h e i r ( 100) CdS l a y e r s had i n c l u d e d h e x a g o n a l 
g r a i n s w i t h ( 0 0 0 1 ) p l a n e s p a r a l l e l t o t h e (111) s u r f a c e . 
Woodcock and H o l t (1969) have a l s o r e p o r t e d t h a t 
e x c e s s Zn and S i n t h e e v a p o r a t i o n s o u r c e e n h a n c e d t h e 
I 
F i g . 5 . 7 ( a ) S e l e c t e d A r e a f o r D i f f r a c t i o n 
0 
in 
b 1 « 
fa 
2 2 0 2 0 O 2 2 0 o o o 
IOIO x IIOO 
x l i o o IOIO 
0 2 0 X 0 0 0 © 0 2 0 o o o x 
2 2 0 • 2 0 0 V 2 2 0 O O o 
to 
FIG.5.7 DIFFRACTS PATTERN FROM AREA IN I®) 
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p r o d u c t i o n o f i n c l u d e d w u r t z i t e g r a i n s i n t h e i r (100) 
ZnS l a y e r s . From t h e r e s u l t s of t h e p r e s e n t i n v e s t i g a t i o n 
i t i s s u g g e s t e d t h a t m e t a l e v a p o r a t i n g from t h e h o t 
f i l a m e n t h a s c o n t a m i n a t e d t h e g r o w i n g f i l m s and h a s had a 
s i m i l a r e f f e c t o f e n h a n c i n g h e x a g o n a l g r o w t h . 
The (100) c u b i c f i l m s d e p o s i t e d by e l e c t r o n - b e a m 
e v a p o r a t i o n were o f h i g h e r q u a l i t y t h a n t h o s e j u s t 
d i s c u s s e d , and no e v i d e n c e o f i n c l u d e d w u r t z i t e g r a i n s 
o r t w i n n i n g was o b s e r v e d . P s e u d o - s p l i t - s p o t s were s e e n 
from some o f t h e s e f i l m s e v a p o r a t e d a t t h e h i g h e s t r a t e s 
( o v e r 300 ^ / m i n u t e ) b u t were i d e n t i f i e d a s due t o p l a n a r 
d e f e c t s . The e x a c t n a t u r e o f t h e s e d e f e c t s i s d i f f i c u l t 
t o d e t e r m i n e and may be e i t h e r m i c r o t w i n n i n g o r s t a c k i n g 
f a u l t s . The w i d e s p r e a d s p o t and f r i n g e c o n t r a s t s e e n i n 
m i c r o g r a p h s w i t h a h i g h d e n s i t y o f p l a n a r d e f e c t s i s 
c h a r a c t e r i s t i c o f s u c h s t r u c t u r e , and a r i s e s m a i n l y from 
i n t e r f e r e n c e e f f e c t s b e t ween t h e imaged beams ( H o l t and 
Woodcock, 1 9 7 0 ) . O n l y some o f t h i s c o n t r a s t i s due 
d i r e c t l y t o s t a c k i n g _ f a u l t s o r m i c r o t w i n s o r d i s l o c a t i o n s . 
F u r t h e r e x a m i n a t i o n o f many m i c r o g r a p h s ( f o r e x a m p l e , 
t h o s e f r o m | F - 1 3 ) r e v e a l s t h e e x i s t e n c e o f s t a c k i n g f a u l t s 
o r m i c r o t w i n s , a p p r o x i m a t e l y 60 £ a c r o s s , w i t h i n t h e g r a i n s . 
T h e r e a r e a l s o s m a l l a r r a y s o f f r i n g e s w i t h a s e p a r a t i o n o f 
a b o u t 20 w h i c h may be M o i r e p a t t e r n s . I n t h e c a s e o f 
t h e s e f r i n g e s on F i g u r e 5 . 7 ( a ) t h e M o i r e p a t t e r n c o u l d be 
formed by o v e r l a p p i n g (100) c u b i c and (00 0 1 ) h e x a g o n a l 
a r e a s . The M o i r e s e p a r a t i o n , M, f o r no r e l a t i v e r o t a t i o n 
b e t w e e n t h e o v e r l a p p i n g a r e a s i s g i v e n by t h e f o l l o w i n g 
f o r m u l a : 
- 80 -
M 
where and d^ a r e t h e two p l a n e s p a c i n g s , i n t h i s c a s e 
5.818 & and 4.136 %. T h i s g i v e s a v a l u e f o r M o f 14 A*, 
i n c l o s e a g r e e m e n t w i t h t h e m e a s u r e d f r i n g e s p a c i n g . I f 
r o t a t i o n e x i s t s b etween t h e o v e r l a p p i n g g r a i n s t h e n a l a r g e 
number o f p o s s i b l e d v a l u e s a r e a v a i l a b l e , b u t t h e 
f e a s i b i l i t y o f M o i r e f r i n g e s b e i n g t h e e x p l a n a t i o n o f t h i s 
f e a t u r e h a s been d e m o n s t r a t e d . 
D i s l o c a t i o n l o o p s were r e a d i l y o b s e r v e d from c u b i c 
(110) CdSe l a y e r s ( s e e A p p e n d i x ) , and from some c u b i c (110) 
CdS l a y e r s , b u t were n o t a p p a r e n t on (100) l a y e r s . Any 
l o o p s p r e s e n t a r e t h e r e f o r e l i k e l y t o be on (110) o r (111) 
p l a n e s . 
One f u r t h e r t y p e o f d e f e c t o b s e r v e d i n c u b i c (100) CdS 
f i l m s was t h a t s e e n i n F i g u r e 5.8. T h i s a p p e a r s on t h e 
B.F. m i c r o g r a p h s a s a d a r k s p o t , 300 A* l o n g , s u r r o u n d e d 
by a g r e y r i n g . I t h a s t h e c h a r a c t e r i s t i c a p p e a r a n c e o f 
a s m a l l p r e c i p i t a t e o r i n c l u s i o n p a r a l l e l t o t h e p l a n e of 
t h e f i l m , s u r r o u n d e d by a p o s s i b l e d i s l o c a t i o n o r s t r a i n 
f i e l d (Ashby and Brown, 1 9 6 3 ) . 
F i n a l l y , a b r i e f word on t h e few CdS l a y e r s p r e p a r e d 
on (111) B a F 2 s u r f a c e s . T h e s e were e v a p o r a t e d from t h e 
r e s i s t a n c e - h e a t e d c r u c i b l e a t a v a r i e t y o f r a t e s up t o 
200 X/minute on s u b s t r a t e s a t 200-3OO°C. A l l of t h e 
d i f f r a c t i o n p a t t e r n s c o n t a i n e d o n l y s p o t s i n d e x e d a s ( 0 0 0 1 ) 
w u r t z i t e s t r u c t u r e , w i t h no s t r e a k i n g ( s e e F i g u r e 5 . 9 ) . 
N e i t h e r p l a n a r d e f e c t s nor d i s l o c a t i o n l o o p s were o b s e r v e d 
on t h e m i c r o g r a p h s . 
F i g . 5 . 8 D e f e c t i n ( 1 0 0 ) CdS F i l m 
F i g . 5 . 9 (0001) E p i t a x i a l CdS 
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5.2.5 One e l e c t r o n - b e a m e v a p o r a t e d f i l m ( E G - F - 2 4 , 
130 R/minute on (100) N a Cl a t 225°C) upon r e - e x a m i n a t i o n 
by t r a n s m i s s i o n e l e c t r o n m i c r o s c o p y a f t e r s t o r a g e on a 
s u p p o r t g r i d i n a i r f o r s e v e r a l d a y s was f o und t o have 
d r a s t i c a l l y c h anged i t s s t r u c t u r e . I n s t e a d o f a n e a r l y 
f e a t u r e l e s s m i c r o g r a p h a t low m a g n i f i c a t i o n s t h e r e were 
bend e x t i n c t i o n c o n t o u r s , and much d i f f r a c t i o n c o n t r a s t , 
i n c l u d i n g a l a r g e number o f s t a c k i n g f a u l t s o r m i c r o t w i n s , 
a t h i g h m a g n i f i c a t i o n s ( s e e F i g u r e 5 . 1 0 ) . I t was p o s s i b l e 
t o examine t h e same a r e a s o f t h e s p e c i m e n as had 
p r e v i o u s l y been i n v e s t i g a t e d s i n c e s h a d o w i n g o f t h e N a C l 
s u r f a c e f e a t u r e s e x i s t e d a t one edge ( s e e F i g u r e 5.11) 
and a c t e d a s a r e f e r e n c e mark. T i l t i n g t h e s p e c i m e n 
f a i l e d t o r e s t o r e t h e d i f f r a c t i o n p a t t e r n t o i t s o r i g i n a l 
(100) o r i e n t a t i o n , and some r e g i o n s now gave h e x a g o n a l 
p a t t e r n s w h i l s t o t h e r s were p o l y c r y s t a l l i n e . I t i s 
s u g g e s t e d t h a t t h i s f i l m was r e l a x i n g t o t h e more s t a b l e 
h e x a g o n a l ( w u r t z i t e ) s t r u c t u r e b e c a u s e t h e c o n s t r a i n t s 
i mposed by t h e s u b s t r a t e had been removed. T h i s change 
s h o u l d be h a s t e n e d by a r t i f i c i a l l y a g e i n g a f i l m , a f t e r 
r e m o v a l from i t s s u b s t r a t e , by a n n e a l i n g a t t e m p e r a t u r e s 
o 
above 300 C, and t h i s a p p e a r s t o be t h e c a s e from i n i t i a l 
e x p e r i m e n t s a l o n g t h e s e l i n e s . 
5.2.6 The e l e c t r i c a l p r o p e r t i e s o f t h e s e e p i t a x i a l 
f i l m s were n o t s t u d i e d i n d e t a i l , and so t h e s e r e s u l t s 
w i l l be p r e s e n t e d s e p a r a t e l y h e r e and n o t i n t h e f o l l o w i n g 
c h a p t e r . I n g e n e r a l t h e r e s i s t i v i t y and p h o t o s e n s i t i v e 
b e h a v i o u r were s i m i l a r t o t h o s e of t h e p o l y c r y s t a l l i n e f i l m s 
w i t h r e s p e c t t o t h e d e p o s i t i o n c o n d i t i o n s . The d a r k 
r e s i s t i v i t y was s l i g h t l y l o w e r t h a n f o r t h e c o r r e s p o n d i n g 
5 yum 
S e l e c t e d a r e a f o r D i f f r a c t i o n F i g . 5 . 1 0 ( a ) 
F i g . 5 . 1 0 ( b ) D i f f r a c t i o n P a t t e r n from ( a ) 
S u b s t r a t e Shadowing by CdS 
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p o l y c r y s t a l l i n e f i l m s , and t h e p h o t o s e n s i t i v i t y and H a l l 
m o b i l i t y were somewhat h i g h e r . ( F o r example a 1000 R 
f i l m d e p o s i t e d on t o (100) N a C l a t 225°C and 290 X / m inute 
2 -1 -1 
had a H a l l m o b i l i t y o f 4 cm V S compared w i t h a v a l u e 
2 -1 -1 
o f a b o u t 1 cm V S f o r t h e e q u i v a l e n t p o l y c r y s t a l l i n e 
f i l m on g l a s s ) . T h i s b e h a v i o u r would be e x p e c t e d from 
t h e g r e a t e r c r y s t a l l i n e p e r f e c t i o n o f t h e s e l a y e r s . 
I t i s d i f f i c u l t t o d i s t i n g u i s h b etween t h e e f f e c t s 
o f i m p u r i t i e s , d e f e c t s , and n o n - s t o i c h i o m e t r y on t h e 
t r a n s p o r t p r o p e r t i e s , b u t a few r e m a r k s on t h e r e l a t i v e 
i m p o r t a n c e o f t h e s e c a n be made i n t h e l i g h t o f t h e p r e s e n t 
r e s u l t s . As w i l l be s e e n i n t h e n e x t c h a p t e r on t h e 
e l e c t r i c a l p r o p e r t i e s o f t h e p o l y c r y s t a l l i n e f i l m s , an 
i m provement i n t h e c l e a n l i n e s s o f t h e f a b r i c a t i o n 
t e c h n i q u e l e d t o h i g h e r v a l u e s o f r e s i s t i v i t y and p h o t o -
s e n s i t i v i t y ; and t h e p u r e r t h e s o u r c e , t h e b e t t e r t h e 
m o b i l i t y and r e p r o d u c i b i l i t y . The r e s u l t s o b t a i n e d from 
t h e (100) CdSe l a y e r s ( s e e A p p e n d i x ) show t h a t t h e 
r e s i s t i v i t y i s a f f e c t e d by some u n r e c o g n i s e d a s p e c t o f t h e 
s t r u c t u r e . The p r o b l e m s o f n o n - s t o i c h i o m e t r y w i l l be 
d e a l t w i t h a f t e r a d e s c r i p t i o n o f t h e v a r i a t i o n i n 
r e s i s t i v i t y p r o d u c e d by v a r y i n g t h e f i l m g r o w t h c o n d i t i o n s . 
I t s h o u l d a l s o be s t a t e d t h a t none o f t h e e p i t a x i a l 
l a y e r s was f o u n d t o be p h o t o l u m i n e s c e n t when e x c i t e d by 
a low p r e s s u r e m e r c u r y lamp, e v e n a t l i q u i d n i t r o g e n 
t e m p e r a t u r e s . 
5.3 DISCUSSION OF E P I T A X I A L LAYERS 
W h i l s t t h e s e f i l m s a r e two o r d e r s o f m a g n i t u d e 
t h i n n e r t h a n t h e l a y e r s u s e d i n t h e s o l a r c e l l d e v i c e , 
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t h e y a r e n o t o n l y i n t r i n s i c a l l y i n t e r e s t i n g b u t a l s o 
s e r v e as a u s e f u l c h e c k on t h e s o u r c e m a t e r i a l p u r i t y 
and p r o c e s s c l e a n l i n e s s . When a t t e m p t s were made t o 
p r e p a r e e p i t a x i a l f i l m s u s i n g u n t r e a t e d O p t r a n CdS 
no s u c c e s s was a c h i e v e d : t h e f i l m s were p o l y c r y s t a l l i n e 
and v a r i e d g r e a t l y i n c o l o u r . C h l o r i n e i m p u r i t y was 
s u s p e c t e d i n some l o t s o f s o u r c e m a t e r i a l from t h e 
p r o p e n s i t y t o w r i n k l e e x h i b i t e d by some f i l m s on e x p o s u r e 
t o t h e a t m o s p h e r e . The r e s i s t a n c e - h e a t e d s o u r c e was 
shown t o be s i g n i f i c a n t l y l e s s c l e a n t h a n t h e e l e c t r o n -
beam t e c h n i q u e , and i n d e e d , m e t a l c o n t a m i n a t i o n from 
t h e h o t f i l a m e n t was b e l i e v e d t o enhance t h e growth o f 
h e x a g o n a l s t r u c t u r e m a t e r i a l i n an o t h e r w i s e c u b i c f i l m . 
The u s e o f a q u a r t z h a l o g e n s t r i p lamp i n p l a c e o f a h o t 
t u n g s t e n f i l a m e n t f o r h e a t i n g t h e s u b s t r a t e s was a l s o 
f o u nd t o be c l e a n e r . 
Some o f t h e d e f e c t s i n t h e e p i t a x i a l l a y e r s were 
i d e n t i f i e d and t h e p r e s e n c e o f t w i n n i n g was n o t s u p p o r t e d . 
I n s t e a d , d i r e c t o b s e r v a t i o n o f h e x a g o n a l - s h a p e d g r a i n s 
was a c h i e v e d . ' S p o t - s p l i t t i n g ' was g e n e r a l l y found t o 
be due t o p l a n a r d e f e c t s , b u t t h e s e were s u b s t a n t i a l l y 
e l i m i n a t e d from t h e r e s i s t a n c e - h e a t e d s o u r c e f i l m s by 
u s i n g low e v a p o r a t i o n r a t e s and s u b s t r a t e t e m p e r a t u r e s 
above 220°C. The e l e c t r o n - b e a m e v a p o r a t o r a l w a y s gave 
10 -2 
a low d e n s i t y o f p l a n a r d e f e c t s ( l e s s t h a n 4 x 10 cm ) . 
We h a v e a l s o o b s e r v e d d i s l o c a t i o n l o o p s , s t a c k i n g f a u l t s 
o r m i c r o t w i n c o n t r a s t , and s m a l l i n c l u s i o n s . A p o s s i b l e 
t r a n s i t i o n from c u b i c t o h e x a g o n a l p h a s e m a t e r i a l h a s 
been o b s e r v e d i n an aged f i l m , and a p p e a r s t o be h a s t e n e d 
by an a n n e a l i n g p r o c e s s . 
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T h i s c o n c l u d e s t h e s t r u c t u r a l a n a l y s i s o f t h e 
CdS l a y e r s , b u t some f u r t h e r r e l e v a n t r e s u l t s a r e g i v e n 
i n an A p p e n d i x on CdSe f i l m s . We s h a l l now t u r n t o a 
d i s c u s s i o n on t h e e l e c t r i c a l p r o p e r t i e s o f t h e CdS 
p o l y c r y s t a l l i n e f i l m s on g l a s s s u b s t r a t e s . 
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CHAPTER 6 : E L E C T R I C A L PROPERTIES OF THE CdS FILMS 
6 . 1 INTRODUCTION 
We have o b s e r v e d i n C h a p t e r 2 t h a t t h e e l e c t r i c a l 
r e s i s t i v i t y o f t h e CdS l a y e r i s an i m p o r t a n t p a r a m e t e r f o r 
t h e s u b s e q u e n t f o r m a t i o n o f an e f f i c i e n t p h o t o v o l t a i c 
j u n c t i o n . I t f o l l o w s t h a t an e x a m i n a t i o n o f t h e c o n d i t i o n s 
r e q u i r e d t o p r o d u c e CdS f i l m s o f s u i t a b l e r e s i s t i v i t y i s 
o b v i o u s l y o f m a j o r i m p o r t a n c e . A low r e s i s t i v i t y i s 
e s s e n t i a l , a s h a s a l r e a d y been d e s c r i b e d , so t h a t t h e s e r i e s 
r e s i s t a n c e o f t h e d e v i c e i s low enough to e n s u r e maximum 
power e x t r a c t i o n , b u t t h i s must be a c h i e v e d w i t h o u t d e p a r t i n g 
f a r from t h e optimum c o m p o s i t i o n a t w h i c h a p-n j u n c t i o n c a n 
be formed. 
I n what f o l l o w s t h e e f f e c t s o f f i l m t h i c k n e s s , 
d e p o s i t i o n r a t e , s u b s t r a t e t e m p e r a t u r e and s o u r c e p u r i t y 
on t h e d a r k r e s i s t i v i t y o f CdS f i l m s on g l a s s s u b s t r a t e s 
a r e d e s c r i b e d . The a s s o c i a t e d p h o t o s e n s i t i v i t y and H a l l 
m o b i l i t y h a v e a l s o been i n v e s t i g a t e d . I t w i l l be a p p r e c i a t e d 
t h a t a v e r y l a r g e number o f s a m p l e s would be n e c e s s a r y t o 
c o v e r t h e a v a i l a b l e w i d e r a n g e s o f p a r a m e t e r s ( s u b s t r a t e 
t e m p e r a t u r e : 20°-350°C., d e p o s i t i o n r a t e : 10-10,OOoE/minute, 
t h i c k n e s s : up t o s e v e r a l m i c r o n s ) , so t h a t from p r a c t i c a l 
c o n s i d e r a t i o n s i t was n e c e s s a r y t o impose a r t i f i c i a l l i m i t s 
on t h e s e . T h i s e x p l a i n s t h e u n e q u a l d i s t r i b u t i o n o f r e s u l t s , 
o 
c o n c e n t r a t e d a r o u n d a s u b s t r a t e t e m p e r a t u r e o f 220 C , i . e . 
t h a t most w i d e l y u s e d f o r d e v i c e f a b r i c a t i o n . (One o f t h e 
few r e p o r t e d l a r g e - s c a l e i n v e s t i g a t i o n s o f s e m i c o n d u c t o r 
t h i n f i l m p r o p e r t i e s was t h a t o f Davey e t a l (1963) i n t o 
p o l y c r y s t a l l i n e Ge f i l m s i n w h i c h t w e l v e h u n d r e d s a m p l e s 
were p r e p a r e d ) . 
- 86 -
6 . 2 APPARATUS 
The e l e c t r i c a l c i r c u i t u s e d f o r t h e s e m easurements 
i s shown i n F i g u r e 6.1, and a s c a l e d r a w i n g o f t h e t h i n f i l m 
s a m p l e and c o n t a c t s i s shown i n F i g u r e 6.2. 
The c u r r e n t f l o w i n g a l o n g t h e sa m p l e was d e r i v e d from 
a d r y b a t t e r y and was m o n i t o r e d by a s e n s i t i v e m i r r o r 
g a l v a n o m e t e r (2400 mm/microamp). An e l e c t r o m a g n e t p r o d u c e d 
a f i e l d o f 5 kG., u n i f o r m o v e r t h e s a m p l e a r e a , a c r o s s a gap 
of 2 cm. i n w h i c h t h e l i g h t - t i g h t s a m p l e h o l d e r was s u p p o r t e d . 
A r e m o v a b l e b l a n k i n t h e s i d e o f t h i s c o n t a i n e r e n a b l e d t h e 
sa m p l e t o be i l l u m i n a t e d i f r e q u i r e d d u r i n g t h e H a l l m e a s u r e -
m e n t s . N o n - m i c r o p h o n i c c o a x i a l s c r e e n c a b l e was u s e d 
b e t w e e n t h e s a m p l e , m e t e r s , and power s u p p l i e s , s i n c e t h e 
h i g h r e s i s t a n c e o f a l a r g e number o f t h e s a m p l e s made t h e 
us e o f an E . I . L . V i b r o n 33B e l e c t r o m e t e r e s s e n t i a l f o r t h e 
H a l l v o l t a g e d e t e r m i n a t i o n s . 
I n o r d e r t o o f f - s e t t h e v o l t a g e a c r o s s t h e H a l l p r o b e s , 
w h i c h was p r e s e n t i n z e r o m a g n e t i c f i e l d b e c a u s e o f s l i g h t 
c o n t a c t m i s a l i g n m e n t , a v a r i a b l e ' b a c k i n g - o f f ' b a t t e r y 
s u p p l y was i n s e r t e d i n t o t h e H a l l v o l t a g e c i r c u i t . 
S i n c e t h e l e n g t h t o w i d t h r a t i o o f t h e t h i n f i l m s was 
g r e a t e r t h a n t h r e e , no 'end e f f e c t ' c o r r e c t i o n s t o t h e H a l l 
v o l t a g e were n e c e s s a r y t o comp e n s a t e f o r t h e p o s s i b l e s h o r t -
c i r c u i t i n g e f f e c t o f l a r g e c u r r e n t c o n t a c t s o b s e r v e d by 
I s e n b e r g e t a l ( 1 9 4 8 ) . 
F o r t h e s t a n d a r d p h o t o s e n s i t i v i t y m e a s u r e m e n t s , t h e 
-2 
i l l u m i n a t i o n was p r o v i d e d by 75 mW.cm o f u n f i l t e r e d 
t u n g s t e n lamp r a d i a t i o n , a s d e t e r m i n e d by a c a l i b r a t e d 
S i p h o t o v o l t a i c c e l l . 
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6.3 CURRENT CHARACTERISTICS 
6.3.1 I n o r d e r t o c h e c k t h a t t h e e v a p o r a t e d I n 
c o n t a c t s were ohmic, a s e r i e s o f I (V) c u r v e s w i t h ' f o r w a r d 1 
and ' r e v e r s e ' v o l t a g e s o f up t o 100 V. were o b t a i n e d f o r 
CdS f i l m s p r e p a r e d u n d e r a wide v a r i e t y o f e v a p o r a t i o n 
c o n d i t i o n s . T h e s e v a r i a t i o n s i n s u b s t r a t e t e m p e r a t u r e , 
d e p o s i t i o n r a t e and t h i c k n e s s p r o d u c e d f i l m s w i t h r e s i s -
1 5 
t i v i t i e s r a n g i n g from 6.3 x 10 t o 4.5 x 10 ohm cm., a s 
shown i n F i g u r e 6.3. 
The s ample numbers w i t h t h e p r e f i x EG r e f e r t o 
f i l m s p r o d u c e d by e l e c t r o n - b e a m e v a p o r a t i o n . The r e m a i n i n g 
f i l m s were e v a p o r a t e d from t h e r e s i s t i v e l y - h e a t e d s o u r c e . 
P r e f i x G d e n o t e s 7059 g l a s s s u b s t r a t e s and J d e n o t e s 
m i c r o s c o p e s l i d e s u b s t r a t e s . T h e s e c o n v e n t i o n s were u s e d 
t h r o u g h o u t t h e p r e s e n t work. 
I t w i l l be s e e n from t h e c u r v e s o f F i g u r e 6.3 t h a t 
t h e h i g h e r r e s i s t i v i t y s a m p l e s were s l i g h t l y non-ohmic 
b e c a u s e I n h a s a l e s s s u i t a b l e work f u n c t i o n f o r s u c h s a m p l e s . 
No d i f f e r e n c e s were d i s c o v e r e d on r e v e r s i n g t h e p o l a r i t y i n 
any s a m p l e . I n t h e l o w e r r a n g e o f r e s i s t i v i t i e s o f p r e s e n t 
i n t e r e s t t h e s a m p l e s were ohmic, b u t i n what f o l l o w s , v a l u e s 
o f r e s i s t a n c e q u o t e d a r e t h o s e m e a s u r e d a t 50 V. T h i s i s 
a s u i t a b l e v o l t a g e t o p r o v i d e a m e a s u r a b l e c u r r e n t t h r o u g h 
t h e s a m p l e s w i t h o u t i n t r o d u c i n g h i g h - f i e l d e f f e c t s . 
6.3.2 The e f f e c t o f i l l u m i n a t i n g t h e s a mple and 
c h a n g i n g t h e i n t e n s i t y o f t h e w h i t e l i g h t w i t h n e u t r a l 
d e n s i t y f i l t e r s was t o p r o d u c e a n o n - l i n e a r v a r i a t i o n o f 
t h e p h o t o c u r r e n t w i t h i n t e n s i t y ( s e e F i g u r e 6 . 4 ) . I n t h i s 
s e r i e s o f m e a s u r e m e n t s 100% i l l u m i n a t i o n was a p p r o x i m a t e l y 
FIG. 6 3 Dark I (V) characterist ics of poiycrystall ine CdS films on glass 
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e q u a l t o amO s u n l i g h t , and t h e s a m p l e s were mounted on a 
c o p p e r h e a t - s i n k t o m a i n t a i n i s o t h e r m a l c o n d i t i o n s . T h r e e 
o f t h e s a m p l e s were p r o d u c e d by e v a p o r a t i n g CdS doped w i t h 
I n o r C I , b u t t h e y b ehaved i n a s i m i l a r manner t o t h e 
undoped f i l m s . 
6.3.3 F i g u r e s 6.5 and 6.6 d e p i c t t h e r e s u l t s 
o b t a i n e d from a d e t e r m i n a t i o n o f t h e t e m p e r a t u r e dependence 
o f t h e d a r k c u r r e n t a t 50 V. T h e s e s a m p l e s were a g a i n 
p r e p a r e d u n d e r a v a r i e t y o f c o n d i t i o n s , and c o v e r t h e 
t h i c k n e s s e s 5000 to 50,000 X. The r e s u l t s a r e p r e s e n t e d 
i n t h e form o f r e s i s t i v i t y v e r s u s t e m p e r a t u r e c u r v e s , f o r 
a r a n g e o f temperature's l i m i t e d by t h e m e l t i n g p o i n t o f 
I n and by t h e t e m p e r a t u r e o f l i q u i d n i t r o g e n . Measurements 
were p e r f o r m e d w i t h t h e s a m p l e s i n a m e t a l c r y o s t a t pumped 
-2 
by a r o t a r y pump t o a b o u t 10 t o r r . The t e m p e r a t u r e was 
d e t e r m i n e d u s i n g a c o p p e r / c o n s t a n t a n t h e r m o c o u p l e and 
p o t e n t i o m e t e r , and a r e s i s t a n c e h e a t e r c o i l was u s e d t o 
r a i s e t h e t e m p e r a t u r e above a m b i e n t . R e a d i n g s were t a k e n 
I 
f o r e v e r y 0.5 mV i n c r e a s e i n t h e t h e r m o c o u p l e r e a d i n g . 
The e x p e r i m e n t a l p o i n t s a r e shown o n l y i n F i g u r e 6.5, b u t 
a s i m i l a r c l o s e f i t t o smooth c u r v e s was o b t a i n e d f o r t h e 
s a m p l e s o f F i g u r e 6.6. 
I f t h e v a r i a t i o n o f t h e r e s i s t i v i t y w i t h t e m p e r a t u r e 
i s t a k e n t o be o f t h e form: 
E/kT 
p = p Q e 
( a c c o r d i n g t o t h e P e t r i t z , 1956, i n t e r c r y s t a l l i t e b a r r i e r 
m o d e l ) , t h e n an a c t i v a t i o n e n e r g y o f a b o u t 0.5 eV c a n be 
o b t a i n e d from t h e h i g h t e m p e r a t u r e end o f t h e s e c u r v e s . 
Temperature dependence of dark resistivity for CdS pofycrystail ine 
films on 7 0 5 9 glass. 
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(The b r o k e n l i n e on e a c h g r a p h h a s a s l o p e w i t h t h i s 
a c t i v a t i o n e n e r g y ) . 
T h i s a c t i v a t i o n e n e r g y i s i n f a c t a c o m b i n a t i o n o f 
t h e e x p o n e n t s i n v o l v e d i n t h e v a r i a t i o n o f b o t h t h e c a r r i e r 
d e n s i t y and t h e m o b i l i t y w i t h t e m p e r a t u r e . To t h i s d e g r e e 
o f a p p r o x i m a t i o n we h a v e : 
p = 1/ney 
E/kT . 
p = e /n ey 
F i g u r e 6.6 
Sample number A c t i v a t i o n e n e r g y 
EG-J-10 ) 
J " 3 ) 0.50 eV 
EG-J-12 j 
( C d S : I n ) ' 
J-7 ) 
J-6 ) 
) 0.36 eV J- 5 j 
J-8 j 
j _ 9 ) 0.29 eV 
F i g u r e 6.^ 
Sample number A c t i v a t i o n e n e r g y 
G-6 ) 
) 0.50 eV 
) 
G-5 
G - l 
G-2 
0.36 eV 
0.28 eV 
G-4 ) 
) 0.2 eV 
) 
G-3 
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The e x p e r i m e n t a l v a l u e s g i v e n above f o r t h e 
a c t i v a t i o n e n e r g i e s o f c o n d u c t i o n a r e w i t h i n t h e r a n g e o f 
t h o s e o b t a i n e d by S h a l l c r o s s (1966) o f 0.22 t o 0.66 eV. 
He found t h a t t h e m a j o r c o n t r i b u t i o n t o t h e a c t i v a t i o n 
e n e r g y was due t o t h e v a r i a t i o n i n c a r r i e r c o n c e n t r a t i o n 
and t h a t t h e a c t i v a t i o n e n e r g y o f t h e m o b i l i t y was o n l y 
a b o u t 0.1 eV. 
B o t h s e r i e s o f f i l m s examined h e r e b e h a v e d i n a 
s i m i l a r manner, i n d i c a t i n g t h a t f i l m s on m i c r o s c o p e s l i d e s 
were n o t s i g n i f i c a n t l y worse t h a n t h o s e on C o r n i n g 7059, 
b a r i u m a l u m i n o - s i l i c a t e a l k a l i - f r e e g l a s s , a s f a r a s 
e l e c t r i c a l c o n d u c t i o n was c o n c e r n e d . 
6.4 E F F E C T S OF F ILM THICKNESS ON E L E C T R I C A L PARAMETERS 
I t h a s been a f f i r m e d e a r l i e r t h a t t h e t h i c k n e s s o f 
a f i l m i s an i m p o r t a n t p a r a m e t e r i n d e t e r m i n i n g i t s s t r u c t u r e , 
e v e n f o r t h i c k n e s s e s up t o s e v e r a l m i c r o n s . T h e r e i s a 
p a r a l l e l and s i m i l a r dependence of t h e r e s i s t i v i t y , H a l l 
m o b i l i t y and p h o t o s e n s i t i v i t y on f i l m t h i c k n e s s . 
6.4.1 S h a l l c r o s s (1966) i n d i c a t e d t h a t t h e 
r e s i s t i v i t y o f h i s f i l m s m i g h t have been d e p e n d e n t on t h e 
t h i c k n e s s , b u t d i d n o t p u r s u e t h i s s u g g e s t i o n . F i g u r e 6.7 
shows t h e r e s u l t s o b t a i n e d from t h e p r e s e n t i n v e s t i g a t i o n , 
f o r t h e two s e r i e s o f f i l m s d e s c r i b e d i n C h a p t e r 5. ( I n 
b o t h s e r i e s t h e f i l m s were e v a p o r a t e d on g l a s s a t 2 2 0 ° C ; 
i n one s e r i e s t h e r a t e was 2500 ^ / m i n u t e and i n t h e o t h e r 
350-400 A / m i n u t e ) . The s h a r p i n i t i a l drop i n t h e c u r v e s 
r e f l e c t s t h e i n c r e a s i n g d e g r e e of p r e f e r e n t i a l o r i e n t a t i o n 
o 
w h i c h o c c u r s a t t h i c k n e s s e s up t o 5000 A, b u t a f u r t h e r and 
s l o w e r d e c r e a s e i n r e s i s t i v i t y t h e n o c c u r s . 
Fig. 6 7 Dark Resistivity size effect of CdS polycrystalline films on glass. 
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6.4.2 We r e q u i r e to d i s t i n g u i s h between changes 
i n m o b i l i t y and changes i n c a r r i e r c o n c e n t r a t i o n b e f o r e a 
model f o r the conduction p r o c e s s e s can be c o n s t r u c t e d , but 
f i r s t l e t us examine the change i n p h o t o s e n s i t i v i t y w i t h 
t h i c k n e s s , F i g u r e 6.8. Here the p h o t o s e n s i t i v i t y i s d e f i n e d 
as the r a t i o of the c u r r e n t through the i l l u m i n a t e d sample 
to the c u r r e n t i n the dark, w i t h both c u r r e n t s measured a t 
50 V. There i s a c l o s e s i m i l a r i t y between the c u r v e s of 
F i g u r e 6.8 and those of F i g u r e 5.2, which show the f i b r e 
a x i s o r i e n t a t i o n , but i t appears t h a t a t l a r g e t h i c k n e s s e s 
the p h o t o s e n s i t i v i t y continued to f a l l towards u n i t y as the 
c o n c e n t r a t i o n of p h o t o e x c i t e d - c a r r i e r s becomes comparable 
to the thermal e q u i l i b r i u m c o n c e n t r a t i o n . A c a l c u l a t i o n of 
the number of c a r r i e r s c r e a t e d by the l i g h t would h e l p to 
check whether the p h o t o s e n s i t i v i t y i s a s s o c i a t e d w i t h photo-
v o l t a i c e f f e c t s a t the i n t e r c r y s t a l l i t e b a r r i e r s or w i t h 
bulk e x c i t a t i o n of c a r r i e r s . (See Chapter 8 f o r some 
f u r t h e r comments). I t was a l s o n o t i c e d t h a t the H a l l 
v o l t a g e was u n a f f e c t e d by i l l u m i n a t i n g the sample. 
6.4.3. A study of the H a l l m o b i l i t y i n these f i l m s 
d i d not r e v e a l the same dependence on f i l m t h i c k n e s s as 
t h a t shown by the dark r e s i s t i v i t y . I n f a c t the v a r i a t i o n 
observed, see F i g u r e 6.9, can be c l o s e l y e x p l a i n e d by a 
s imple model of d i f f u s e s c a t t e r i n g a t the s u r f a c e s , u s i n g 
a f l a t band approximation, a c c o r d i n g to which: 
y = u (1 - 2*X/t) ( F l e i t n e r , 1961) 
K 
Here u i s the bulk m o b i l i t y , i n c l u d i n g the e f f e c t s 
of g r a i n boundary and i m p u r i t y s c a t t e r i n g , t i s the f i l m 
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t h i c k n e s s , and X i s the e f f e c t i v e mean f r e e path between 
s u r f a c e c o l l i s i o n s . 
By u s i n g the v a l u e s of X and y shown on the f i g u r e , 
K 
a v e r y c l o s e f i t was o b t a i n e d between the p a i r of continuous 
l i n e s , and the e x p e r i m e n t a l p o i n t s . Kazmerski e t a l (1970) 
have shown a s i m i l a r good f i t f o r a s e r i e s of CdS f i l m s 
grown a t 400 ^/minute on s u b s t r a t e s a t 180°C. I n t h a t 2 -1 -1 s e r i e s the v a l u e s f o r u and X were 16 cm V S and K. 
1100 f o r f i l m s w i t h r e s i s t i v i t i e s of about one ohm cm. 
and a g r a i n s i z e of about 1000 R. 
E a r l i e r i t was e x p l a i n e d t h a t i t i s d i f f i c u l t to 
d i s t i n g u i s h e x p e r i m e n t a l l y between i o n i s e d i m p u r i t y 
s c a t t e r i n g and g r a i n boundary s c a t t e r i n g , but the r e s u l t s 
d e s c r i b e d i n c h a p t e r f i v e f o r the g r a i n s i z e s of our f i l m s 
i n d i c a t e t h a t the e f f e c t s of m i c r o c r y s t a l l i t e s must be 
i n c l u d e d i n any model of the t r a n s p o r t p r o p e r t i e s , s i n c e 
X has a v a l u e of the same order as t h i s g r a i n s i z e . 
the 
Now i_f£Petritz (1956) g r a i n boundary b a r r i e r model 
i s a p p l i c a b l e , the m o b i l i t y w i l l be given by: 
-A/kT 
y = y B e 
where 
( y = the m o b i l i t y i n the c r y s t a l l i t e s ; 
( B 
{ A = the g r a i n boundary b a r r i e r h e i g h t 
I n a d i s c u s s i o n of t h i s model, Neugebauer (1969) showed 
t h a t the m o b i l i t y (y) was approximately equal to the measured 
H a l l m o b i l i t y i n t h i c k f i l m s (u ) . 
K 
2 -1 -1 
Assuming a s i n g l e c r y s t a l m o b i l i t y of 200 cm V S 
f o r y , the p r e s e n t r e s u l t s l e a d to v a l u e s of 0.092 eV and B 
0.098 eV f o r the b a r r i e r h e i g h t s i n the two s e r i e s of f i l m s 
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a t 2500 X/minute and 350-400 A / m i n u t e . T h e s e compare 
f a v o u r a b l y w i t h t h e v a l u e s of 0.11 eV r e p o r t e d by 
M a n k a r i o u s ( 1 9 6 4 ) , and 0.06 eV r e p o r t e d by Neugebauer ( 1 9 6 8 ) , 
f o r t h e i r CdS l a y e r s . However i f i m p u r i t y s c a t t e r i n g i s 
a c t i v e i n t h e c r y s t a l l i t e s , u w i l l be l e s s t h a n t h e b u l k 
m o b i l i t y u s e d and t h e a c t i v a t i o n e n e r g i e s w i l l be l a r g e r 
t h a n t h o s e c a l c u l a t e d a b o v e . 
6.4.4 The v a r i a t i o n i n m o b i l i t y i n d i c a t e d i n 
F i g u r e 6.9 shows t h a t t h e r e s i s t i v i t y v e r s u s t h i c k n e s s 
r e l a t i o n c a n n o t be due s o l e l y t o v a r i a t i o n s i n t h e m o b i l i t y 
f o r s a m p l e s t h i c k e r t h a n 5000 X. However a p l o t o f t h e 
H a l l c o e f f i c i e n t , R , a g a i n s t t h i c k n e s s . F i g u r e 6.10, does 
H 
h a v e t h e same s h a p e a s t h e r e s i s t i v i t y c u r v e and t h i s 
i n d i c a t e s t h a t t h e c a r r i e r c o n c e n t r a t i o n i n c r e a s e d from 
11 -3 14 -3 3 x 10 cm t o 3 x 10 cm a s t h e f i l m a p p r o a c h e d a 
t h i c k n e s s o f 4 m i c r o n s (2500 S / m i n u t e ) o r 2.5 m i c r o n s 
( 3 0 0 - 4 0 0 £ / m i n u t e ) . The c a r r i e r d e n s i t y was h i g h e r i n t h e 
s e r i e s o f f i l m s w h i c h were grown more s l o w l y . I t i s c l e a r , 
t h e r e f o r e , t h a t i t was t h e c a r r i e r d e n s i t y r a t h e r t h a n t h e 
m o b i l i t y w h i c h was r e s p o n s i b l e f o r t h e r e s i s t i v i t y - t h i c k n e s s 
phenomena. T h i s l e a v e s t h e p r o b l e m o f d i s c o v e r i n g t h e 
s o u r c e o f t h e e x t r a c a r r i e r s . 
6.5 E F F E C T OF PREPARATIVE CONDITIONS ON THE E L E C T R I C A L 
PARAMETERS ° 
6.5.1 So f a r we have n o t d i s c u s s e d t h e c o n d i t i o n s 
w h i c h a r e r e q u i r e d t o p r o d u c e a f i l m w i t h a g i v e n r e s i s t i v i t y 
and p h o t o s e n s i t i v i t y , a p a r t from s t a t i n g t h a t a v a r i e t y o f 
f i l m s w i t h d i f f e r e n t p r o p e r t i e s c a n be r e p r o d u c e d by 
Hall coefficient size effect of CdS polycrystalline films on glass. 
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v a r y i n g the s u b s t r a t e temperature and d e p o s i t i o n r a t e . 
I n t h i s i n v e s t i g a t i o n over 60 f i l m s on g l a s s , 
p r e p a r e d from undoped re s u b l i m e d Optran (BDH) CdS have 
been s t u d i e d , t o g e t h e r w i t h a s m a l l e r number prepared from 
e i t h e r doped CdS or u n t r e a t e d CdS as r e c e i v e d from the 
s u p p l i e r s . 
The b l a c k f i l m s which were f a b r i c a t e d by u s i n g a 
c o l d s u b s t r a t e were of no i n t e r e s t f o r p h o t o v o l t a i c purposes 
because they were very r i c h i n cadmium and c o n s e q u e n t l y 
h i g h l y conducting, and not p h o t o s e n s i t i v e . T h i s s e t a 
o 
lower l i m i t to the s u b s t r a t e temperature of around 50 C. 
At the o t h e r extreme, g r e a t d i f f i c u l t y was e x p e r i e n c e d i n 
condensing CdS on a s u b s t r a t e a t more than 350^C. Near t h i s 
temperature a t h i n , p a l e y e l l o w f i l m r e s u l t e d . The p o s s i b l e 
r a t e had l i m i t s imposed by the l e n g t h of the e v a p o r a t i o n 
c y c l e , and by the maximum power a v a i l a b l e . 
Most p r e v i o u s workers have r e p o r t e d t h a t the 
r e s i s t i v i t y i n c r e a s e d w i t h i n c r e a s i n g s u b s t r a t e temperature 
and d e c r e a s e d w i t h i n c r e a s i n g d e p o s i t i o n r a t e , although some 
d i s s e n t i n g v o i c e s have been r a i s e d , as mentioned i n 
Chapter 3. I t appears from our r e s u l t s t h a t many workers 
c o n t i n u e to pay i n s u f f i c i e n t a t t e n t i o n both to the t h i c k n e s s 
of the CdS l a y e r s , and to the p u r i t y of the source m a t e r i a l . 
Moreover we b e l i e v e t h a t the r e l a t i o n s h i p s between 
d e p o s i t i o n r a t e , s u b s t r a t e temperature and r e s i s t i v i t y a r e 
more complex than the statement above would l e a d one to 
suppose. Indeed a r e v e r s a l of the e f f e c t of any one p a r a -
meter may w e l l be p o s s i b l e . ' 
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6.5,2 I t i s c o n v e n i e n t here to d e s c r i b e the 
c o n n e c t i o n between r e s i s t i v i t y and p h o t o s e n s i t i v i t y ( s t i l l 
d e f i n e d as the r a t i o of i l l u m i n a t e d c u r r e n t to dark c u r r e n t 
a t 50 V.) i n order t h a t both parameters may be d i s c u s s e d 
t o g e t h e r w i t h r e s p e c t to the p r e p a r a t i v e c o n d i t i o n s . 
F i g u r e 6.11 shows t h i s c o n n e c t i o n f o r s e v e r a l b a t c h e s of 
Optran CdS, b e f o r e and a f t e r r e s u b l i m a t i o n , and a l s o f o r 
a L e u c h s t o f f w e r k CdS powder used by I.R.D. Co. L t d . i n 
t h e i r s o l a r c e l l work. I t should be noted t h a t the 
c r u c i b l e was r e f i l l e d f o r each run so t h a t no d i s t i l l a t i o n 
e f f e c t s would a l t e r the c omposition of the source from run 
to run. The p o i n t s on each l i n e r e f e r to f i l m s of the same 
bat c h d e p o s i t e d a t d i f f e r e n t r a t e s and s u b s t r a t e temperatures. 
S l i g h t d i f f e r e n c e s a r e apparent between d i f f e r e n t 
l o t s of s t a r t i n g m a t e r i a l , but each s e r i e s of f i l m s g i v e s 
a s t r a i g h t l i n e p l o t of log r e s i s t i v i t y a g a i n s t l o g 
p h o t o s e n s i t i v i t y , even when v a l u e s of p h o t o s e n s i t i v i t y c l o s e 
to u n i t y are approached. Both of the u n t r e a t e d l o t s of 
m a t e r i a l have a s t e e p e r c h a r a c t e r i s t i c than the flow-
p u r i f i e d CdS, but s m a l l d i f f e r e n c e s a l s o e x i s t from one 
flow run to another. For t h i s r e a s o n the v a r i a t i o n s of 
f i l m parameters w i t h t h i c k n e s s which have j u s t been r e p o r t e d 
were i n v e s t i g a t e d on the same l o t of CdS. 
I t i s most l i k e l y t h a t the d i f f e r e n c e s between the 
v a r i o u s l o t s were due to v a r y i n g amounts of i m p u r i t i e s i n 
the s t a r t i n g m a t e r i a l . For i n s t a n c e , a spark mass s p e c t r o -
g r a p h s a n a l y s i s performed a t the Fulmer R e s e a r c h I n s t i t u t e 
on Optran b a t c h 7 CdS b e f o r e and a f t e r r e s u b l i m a t i o n 
r e v e a l e d t h a t the CI c o n t e n t had been i n c r e a s e d by the 
FIG.6II Relation between Dark Resistivity and Photosensitivity 
of polycrystalline CdS films on glass. 
7 
/ 
/ 
iO X 
/ 
X 
/ 
/• 
A OPTRAN 7 Flow run 82 
/ D tl It 
/ 
It 10 • I2A / / 71 i i i 
o I3A 89 I f / I2A Raw 
L Leuchstoffwerk Raw i 
/ 4 o 
/ 
a i 
v. 
L 
O 
/ 
/ 
/ 
/ 
IO 
/ 
/ 
/ 
1 
iO IOC 
nsitivity at 5 0 V Photos e 
- 96 -
flow p r o c e s s from 0.08 to 1 ppm. C e r t a i n m etals were a l s o 
p r e s e n t i n i n c r e a s e d ppm (Na: 0.4 i n c r e a s e d to 1; Ag: 
l e s s than 0.04 to l e s s than 0.1; L i : l e s s than 0.02 to 
0.04; C r: l e s s than 0.02 to 0.06), as was P ( l e s s than 
0.02 to 0.06), but most elements were e i t h e r u n a f f e c t e d 
or reduced i n c o n c e n t r a t i o n by the p r o c e s s . The e f f e c t of 
CI i m p u r i t y i n the source would be to d e c r e a s e the photo-
s e n s i t i v i t y of the evaporated f i l m , as w e l l as to reduce 
i t s adhesion as suggested e a r l i e r . 
6.5.3 I n F i g u r e 6.12 the r e s i s t i v i t y of some of 
the f i l m s a l r e a d y d i s c u s s e d has been r e p l o t t e d as a f u n c t i o n 
of d e p o s i t i o n r a t e . A l l these f i l m s had s u b s t r a t e 
t emperatures of 220°C., and the f i l m t h i c k n e s s e s i n 
angstroms a r e marked on the graph. The l i n e s i n d i c a t e 
the e f f e c t of i n c r e a s i n g the d e p o s i t i o n r a t e w h i l s t main-
t a i n i n g c o n s t a n t t h i c k n e s s . I t i s c l e a r t h a t a t c o n s t a n t 
t h i c k n e s s an i n c r e a s e i n r a t e produces an i n c r e a s e i n f i l m 
r e s i s t i v i t y . 
F i g u r e 6.13 shows the r e s u l t s o b t a i n e d f o r some 
d e p o s i t i o n s c a r r i e d out a t s i m i l a r r a t e s but w i t h lower 
s u b s t r a t e t e m p e r a t u r e s . Once a g a i n , r e s u b l i m e d , undoped 
Optran CdS was the source m a t e r i a l . I n t h i s c a s e the 
parameter marked on the graph i s s u b s t r a t e temperature, 
and d i f f e r e n t symbols a r e used f o r the four f i l m t h i c k n e s s e s 
employed. Broken l i n e s i n d i c a t e the e f f e c t of a change 
i n r a t e or i n s u b s t r a t e temperature f o r c o n s t a n t f i l m 
t h i c k n e s s . 
F i r s t c o n s i d e r the s e r i e s of p o i n t s f o r t h i c k n e s s 
o 
v a l u e s of 1500 A. As the s u b s t r a t e temperature was 
FIG. 612 Resist iv i ty versus Deposition Rate of CdS polycrystalline 
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i n c r e a s e d from 90 to 150 C, w i t h the d e p o s i t i o n r a t e 
r e m aining e s s e n t i a l l y c o n s t a n t a t 150 I/minute, the dark 
r e s i s t i v i t y d e c r e a s e d by n e a r l y an order of magnitude. 
T h i s appears to be an e f f e c t caused by the s u b s t r a t e 
temperature and not by the r a t e . When the s u b s t r a t e 
temperature was kept c o n s t a n t a t 150°C and the r a t e was 
i n c r e a s e d , then a l a r g e i n c r e a s e i n r e s i s t i v i t y o c c u r r e d , 
as a l r e a d y observed w i t h a s u b s t r a t e temperature of 220°C. 
T h e r e f o r e the r e s i s t i v i t y d e c r e a s e s w i t h any i n c r e a s e i n 
s u b s t r a t e temperature below 150°C, and i n c r e a s e s w i t h 
d e p o s i t i o n r a t e . 
T h i s c o n c l u s i o n i s supported by the p o i n t s f o r 
the 2 0 0 o £ f i l m s , w i t h the a d d i t i o n a l o b s e r v a t i o n t h a t the 
s u b s t r a t e temperature i s dominant. For d e s p i t e an i n c r e a s e 
i n d e p o s i t i o n r a t e from 200 to 2 0 0 0 R/minute, the 
r e s i s t i v i t y f e l l due to the i n f l u e n c e of the 30°C i n c r e a s e 
i n s u b s t r a t e temperature over the range covered by t h i s 
s e t of f i l m s . 
The 3000 A* p o i n t s are f o r f i l m s a l l d e p o s i t e d a t 
the r a t e of 1500 A/minute, and the r e s i s t i v i t y i s seen to 
i n c r e a s e w i t h s u b s t r a t e temperature, which has now r i s e n 
o 
above 150 C. 
The 5 0 , 0 0 0 A* p o i n t s are a l s o f o r f i l m s d e p o s i t e d 
a t a f i x e d r a t e ( 2 2 0 o X/minute), but a t d i f f e r e n t s u b s t r a t e 
t e m p e r a t u r e s , and support the c o n c l u s i o n of the p r e c e d i n g 
paragraph: i . e . the r e s i s t i v i t y i n c r e a s e s w i t h any i n c r e a s e 
o 
i n s u b s t r a t e temperature above 150 C. 
For f i l m s grown above 220°C. v a r i a b l e r e s u l t s were 
o b t a i n e d as the s t i c k i n g c o e f f i c i e n t was low, but the 
r e s i s t i v i t y was found to c o n t i n u e i n c r e a s i n g with s u b s t r a t e 
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temperature. There wftCftalso i n d i c a t i o n s t h a t the 
r e s i s t i v i t y began to f a l l w i t h i n c r e a s i n g d e p o s i t i o n r a t e . 
Throughout t h i s s e r i e s of measurements, the 
s u b s t r a t e temperature was more important than the e v a p o r a t i o n 
r a t e , but the f i l m t h i c k n e s s was a t l e a s t as important. The 
combination of t h e s e c o n f l i c t i n g v a r i a b l e s c o m p l i c a t e s the 
p r e d i c t i o n of the r e s u l t a n t r e s i s t i v i t y of a growing f i l m , 
but the c o n c l u s i o n s reached so f a r a r e grouped below f o r 
convenience: 
( i ) the r e s i s t i v i t y i n c r e a s e s as the f i l m t h i c k n e s s 
d e c r e a s e s ; 
( i i ) w i t h s u b s t r a t e temperatures below about 150°C, the 
r e s i s t i v i t y d e c r e a s e s as the s u b s t r a t e temperature 
i n c r e a s e s ; 
o 
( i i i ) w i t h s u b s t r a t e temperatures above about 150 C, 
the r e s i s t i v i t y i n c r e a s e s as the s u b s t r a t e temperature 
i n c r e a s e s ; 
( i v ) the r e s i s t i v i t y i n c r e a s e s as the d e p o s i t i o n r a t e 
i n c r e a s e s , except f o r high v a l u e s of s u b s t r a t e temperature; 
(v) the s u b s t r a t e temperature i s more important than 
the d e p o s i t i o n r a t e . 
6.5.4 E l e c t r o n beam e v a p o r a t i o n p e r s i s t e n t l y 
gave l a y e r s w i t h dark r e s i s t i v i t i e s one to one and a h a l f 
o r d e r s h i g h e r than those evaporated from the t u n g s t e n -
wound c r u c i b l e . T h i s i s thought to be due to the 
s u p e r i o r i t y of the electron-beam method, where no hot 
metal f i l a m e n t i s exposed to the s u b s t r a t e , i n c o n t r a s t 
w i t h the sim p l e r e s i s t i v e f i l a m e n t t e c h n i q u e . With the 
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l a t t e r method some f i l a m e n t atoms would i n e v i t a b l y be 
c a r r i e d on to the s u b s t r a t e and be i n c o r p o r a t e d i n t o the 
f i l m . I n a d d i t i o n , because of the geometry of the e l e c t r o n 
gun, the source vapour p a s s e s through the e l e c t r o n beam and 
becomes charged, which may have a b e n e f i c i a l e f f e c t on the 
alignment of the f i r s t few monolayers d e p o s i t e d . 
6.5.5 The dependence of the H a l l m o b i l i t y on 
d e p o s i t i o n r a t e and s u b s t r a t e temperature was more d i f f i c u l t 
to q u a n t i f y s i n c e s i m i l a r l y produced f i l m s , w i t h s i m i l a r 
r e s i s t i v i t i e s and p h o t o s e n s i t i v i t i e s , e x h i b i t e d a spread 
i n m o b i l i t y . T h i s d i f f e r e n c e was o c c a s i o n a l l y very l a r g e 
2 - 1 - 1 2 -1 -1 (e.g. 5cm V S and 8 cm V S ) . I n p a r t i c u l a r , the 
dependence of m o b i l i t y on the s u b s t r a t e temperature was 
d i f f i c u l t to determine, but i n g e n e r a l lower s u b s t r a t e 
t e mperatures l e d to h i g h e r m o b i l i t i e s . For example, f o r 
f i l m s 1500 A* t h i c k grown a t a r a t e of 100 R/minute, the 
f o l l o w i n g v a l u e s were ob t a i n e d : 
6 cm 2V 1 on 90°C. s u b s t r a t e , 
2 - 1 - 1 o 3 cm V S on 135 C. s u b s t r a t e , 
2 - 1 - 1 o 1 cm V S on 340 C. s u b s t r a t e . 
Higher r a t e s gave h i g h e r m o b i l i t i e s , as a l r e a d y noted f o r 
the two s e r i e s of f i l m s used i n the t h i c k n e s s i n v e s t i g a t i o n s . 
A f u r t h e r example of t h i s i s p r o v i d e d by the f o l l o w i n g 
r e s u l t : 1500 A* t h i c k f i l m s grown a t 135 ° c . had a m o b i l i t y 
2 - 1 - 1 o 2 - 1 -1 of 3 cm V S f o r 100 A/minute, and 6 cm V S f o r 
130 ^/minute. 
As w i t h the r e s i s t i v i t y v e r s u s p h o t o s e n s i t i v i t y 
measurements, the f i l m t h i c k n e s s was c l e a r l y the most 
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e v i d e n t of the parameters, and we can a l s o conclude t h a t 
the i n t e r c r y s t a l l i t e b a r r i e r h e i g h t s and c r y s t a l l i t e s i z e s 
a r e extremely important i n the s c a t t e r i n g p r o c e s s e s . 
I m p u r i t y s c a t t e r i n g may a l s o be prominent. An i n v e s t i g a t i o n 
of the temperature dependence of the m o b i l i t y would be most 
d e s i r a b l e , but the high r e s i s t a n c e of the samples, and the 
temperature c o e f f i c i e n t of r e s i s t a n c e r e q u i r e a c r y o s t a t 
w i t h a ve r y long warm-up p e r i o d i f a s t a b l e H a l l v o l t a g e 
i s to be measured a t each temperature. 
6.5.6 Measurements made on l a y e r s evaporated 
from CdS:In c r y s t a l s showed t h a t I n was s u c c e s s f u l l y 
i n c o r p o r a t e d i n t o the f i l m i n t h a t i t had the e f f e c t of 
r e d u c i n g the r e s i s t i v i t y and p h o t o s e n s i t i v i t y , but of 
i n c r e a s i n g the H a l l m o b i l i t y to a v a l u e as high as 
2 -1 -1 
21 cm V S . The s t r u c t u r a l c h a r a c t e r i s t i c s of these 
f i l m s were s i m i l a r to those of the undoped f i l m s , w ith the 
same c r y s t a l l i t e s i z e and o r i e n t a t i o n e f f e c t s . 
E v a p o r a t i o n of low r e s i s t i v i t y CdS:Cl c r y s t a l s 
produced high r e s i s t i v i t y l a y e r s . I t would appear t h a t the 
more v o l a t i l e C I component was p r e f e r e n t i a l l y evaporated 
from the source and not i n c o r p o r a t e d i n t o the f i l m s . 
However, the r e s i s t i v i t y of these f i l m s was much hi g h e r 
than s i m i l a r l y evaporated undoped l a y e r s , which suggests 
t h a t the s t o i c h i o m e t r y of the vapour was a f f e c t e d by the 
pr e s e n c e of C I . 
6.5.7 A few remarks w i l l now be made on the 
p u r i t y of the CdS s t a r t i n g m a t e r i a l s i n c e i t i s obvious 
t h a t t h i s must a l s o be i n c l u d e d as a parameter i n the 
p r e p a r a t i v e c o n d i t i o n s . 
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The L e u c h s t o f f w e r k CdS powder was u s e d a s 
r e c e i v e d , w i t h o u t r e s u b l i m a t i o n o r c r y s t a l l i s a t i o n , a s 
t h i s was t h e p r o c e d u r e f o l l o w e d by t h e I.R.D. team, and i t 
was d e s i r e d t o examine t h e i r s o u r c e m a t e r i a l . I t was found 
t h a t t h e f i l m s p r o d u c e d from t h i s m a t e r i a l had u n p r e d i c t a b l e 
e l e c t r i c a l p r o p e r t i e s . The r e s i s t i v i t y / p h o t o s e n s i t i v i t y 
c u r v e h a s a l r e a d y been m e n t i o n e d as b e i n g s i m i l a r t o t h e 
'raw' O p t r a n 7 c u r v e , b u t t h e i n d i v i d u a l v a l u e s w h i c h make 
up t h i s p l o t d i d n o t f i t i n t o t h e p a t t e r n o f t h e p r e p a r a t i v e 
c o n d i t i o n s l i s t e d e a r l i e r . Moreover, t h e v a l u e s o f H a l l 
m o b i l i t y were e x c e p t i o n a l l y low and ev e n i m p o s s i b l e t o 
d e t e r m i n e on some s a m p l e s . The f i l m a p p e a r a n c e was non-
u n i f o r m and v e r y p a l e , w i t h a rough s u r f a c e n o t a t t r i b u t a b l e 
t o s p a t t e r i n g . 
The u n t r e a t e d O p t r a n CdS a l s o p r o d u c e d f i l m s w i t h 
u n e v e n t e x t u r e and t h i c k n e s s , b u t t h e p r o p e r t i e s were 
n e a r l y t h e same a s t h o s e o f f i l m s p r o d u c e d from r e s u b l i m e d 
O p t r a n CdS. A l t h o u g h t h e r e s i s t i v i t y changed w i t h t h e 
p r e p a r a t i v e c o n d i t i o n s i n t h e p r e s c r i b e d manner, t h e H a l l 
2 -1 -1 
m o b i l i t i e s were v e r y low, and a v a l u e o f 2 cm V S was 
t h e h i g h e s t v a l u e r e c o r d e d . 
W i t h b o t h t h e s e t y p e s o f s t a r t i n g m a t e r i a l 
f r e q u e n t a d j u s t m e n t s were n e c e s s a r y t o t h e s o u r c e i n p u t 
power t o e n s u r e a c o n s t a n t e v a p o r a t i o n r a t e , owing t o t h e 
u n e v e n t e x t u r e o f t h e CdS, w h i c h c a u s e d b u r s t s o f v a p o u r 
t o be e v o l v e d . 
The sum o f t h e s e f a c t s i n d i c a t e s t h a t u n d e s i r a b l e 
a d d i t i o n a l i m p u r i t i e s were p r e s e n t i n t h e s e m a t e r i a l s , 
e s p e c i a l l y i n t h e L e u c h s t o f f w e r k CdS, t o g e t h e r w i t h an 
u n e v e n n e s s i n c o m p o s i t i o n and t e x t u r e o f t h e powders b e f o r e 
\ 
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r e c r y s t a l l i s a t i o n . A l l s t a r t i n g m a t e r i a l s h o u l d t h e r e f o r e 
be p u r i f i e d by a r e c r y s t a l l i s a t i o n t e c h n i q u e . 
6.6 SUMMARY 
The need t o c o n t r o l b o t h t h e s u b s t r a t e t e m p e r a t u r e 
and t h e e v a p o r a t i o n r a t e , and o f u s i n g a p u r e s o u r c e o f CdS, 
p l u s a means o f m o n i t o r i n g t h e f i l m t h i c k n e s s , h a s been 
c l e a r l y d e m o n s t r a t e d i f s e m i c o n d u c t i n g t h i n f i l m s o f CdS 
a r e t o be p r e p a r e d r e p r o d u c i b l y . The a d v a n t a g e s o f 
f o c u s s e d e l e c t r o n beam e v a p o r a t i o n have been i n d i c a t e d , 
b u t many s u c h s o u r c e s have a l i m i t e d c a p a c i t y and c a n 
o n l y p r o d u c e v e r y t h i n l a y e r s . 
I t i s p r o p o s e d t o d i s c u s s t h e p r o b l e m s r a i s e d 
by some o f t h e measurements r e p o r t e d i n t h i s c h a p t e r i n 
a l a t e r s e c t i o n . Such d i f f i c u l t i e s i n c l u d e t h e o r i g i n o f 
t h e p h o t o s e n s i t i v i t y o f t h e s e l a y e r s , and t h e o r i g i n o f 
t h e e x t r a c a r r i e r s p o s s e s s e d by t h e t h i c k e r f i l m s . The 
r e a s o n s f o r t h e h i g h e r c a r r i e r m o b i l i t y o f t h e doped l a y e r s 
n e ed t o be e x a m i n e d . F u r t h e r , some d i s c u s s i o n o f t h e 
mechanism w h i c h a l l o w s t h e p r o d u c t i o n o f a r a n g e o f 
r e s i s t i v i t i e s from t h e same s o u r c e by a l t e r i n g t h e growth 
c o n d i t i o n s i s r e q u i r e d . 
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CHAPTER 7 : 
THE PHOTOVOLTAIC E F F E C T IN C d S - C ^ S HETEROJUNCTIONS 
7.1 INTRODUCTION 
The work r e p o r t e d so f a r d e m o n s t r a t e s t h a t i t i s 
p o s s i b l e t o grow CdS f i l m s w i t h a r a n g e o f r e s i s t i v i t i e s , 
and t h a t i n d i u m d o p i n g of t h e s o u r c e r e a d i l y l e a d s t o a low 
r e s i s t i v i t y f i l m . However one o f our aims was t o d e t e r m i n e 
w h e t h e r e f f i c i e n t CdS p h o t o v o l t a i c d e v i c e s c a n be f a b r i c a t e d 
from doped CdS, and f u r t h e r , t o d e t e r m i n e how c r i t i c a l t h e 
r e s i s t i v i t y o f t h e CdS i s f o r maximum open c i r c u i t v o l t a g e 
( O C V ) . (The b u l k o f t h i s c h a p t e r w i l l be c o n c e r n e d w i t h 
OCV, b u t c o m p l e t e I ( V ) c u r v e s o f t h e j u n c t i o n s were a l s o 
d e t e r m i n e d a t v a r i o u s s t a g e s i n t h e i r d e v e l o p m e n t ) . 
P o l y c r y s t a l l i n e s l i c e s o f CdS b o u l e s , i n s t e a d o f 
e v a p o r a t e d f i l m s , were u s e d t o p r o v i d e t h e n - t y p e l a y e r s . 
I n t h i s way i t was p o s s i b l e t o s t u d y t h e e f f e c t s o f 
i n t r o d u c i n g a v a r i e t y o f d o p a n t s i n t o t h e g rowth c h a r g e , 
and a t t h e same t i m e p r o d u c e a l a r g e amount o f m a t e r i a l 
w i t h t h e same d o p a n t c o n c e n t r a t i o n . Over 30 p h o t o v o l t a i c 
c e l l s were m a n u f a c t u r e d from 1 mm t h i c k s l i c e s c u t from 
more t h a n 16 CdS c r y s t a l s , b u t some o f t h e s e were t o o 
i n e f f i c i e n t t o i n v e s t i g a t e i n d e t a i l . I n many c a s e s i t 
was p o s s i b l e t o a s c r i b e t h e f a i l u r e s t o a poor C U 2 S l a y e r 
o r a s h o r t - c i r c u i t e d j u n c t i o n . When h i g h r e s i s t i v i t y 
s l i c e s were p l a t e d w i t h Cu^S t h e y y i e l d e d v e r y p o o r c e l l s 
w h i c h were i m p o s s i b l e t o c h a r a c t e r i s e f u l l y . 
A f t e r p r e p a r i n g t h e Cu S l a y e r by c h e m i p l a t i n g i n tV»e 
s o l u t i o n d e s c r i b e d e a r l i e r ( C h a p t e r 2 ) , e l e c t r i c a l c o n t a c t 
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was made t o t h e C u 2 S l a y e r by a s p r i n g - l o a d e d c o n t a c t . 
The bottom o f t h e CdS s l i c e was bonded t o a c o p p e r p l a t e 
w i t h i n d i u m . 
7.2 C I R C U I T ARRANGEMENT 
The e l e c t r i c a l c i r c u i t and a p p a r a t u s u s e d t o 
d e t e r m i n e t h e ( I ) V c h a r a c t e r i s t i c s u n d e r e q u i v a l e n t amO 
s u n l i g h t i l l u m i n a t i o n a r e shown i n F i g u r e 7.1. A 1500W 
q u a r t z h a l o g e n s t r i p lamp w i t h a p a r a b o l i c r e f l e c t o r 
h o u s i n g was mounted above a 1cm deep w a t e r f i l t e r u n d e r 
w h i c h t h e s a m p l e and i t s h e a t - s i n k were p l a c e d . The 
i n t e n s i t y o f i l l u m i n a t i o n a t t h e s u r f a c e o f t h e sample 
-2 
was s e t t o 140mW cm by a d j u s t i n g t h e h e i g h t o f t h e h e a t -
s i n k t a b l e w h i l s t m o n i t o r i n g t h e s h o r t c i r c u i t c u r r e n t 
(SCC) o f a c a l i b r a t e d s i l i c o n p h o t o v o l t a i c c e l l . T h i s 
i n t e n s i t y o f i l l u m i n a t i o n was u s e d t h r o u g h o u t t h e p r e s e n t 
s e r i e s o f e x p e r i m e n t s . u n l e s s o t h e r w i s e s t a t e d . 
The OCV o f e a c h c e l l was measur e d by a P h i l i p s 
GM6020 VVM w i t h l e a d s a t t a c h e d t o t h e c e l l c o n t a c t s . 
S e p a r a t e l e a d s were t a k e n from t h e c e l l t o a b i a s s u p p l y 
w h i c h was c o n t i n u o u s l y v a r i a b l e from -1.5 t o +1.5 v o l t s 
and c o n s i s t e d o f a m u l t i - t u r n ' h e l i p o t ' c o n n e c t e d a s a 
p o t e n t i a l d i v i d e r . C o n n e c t i o n s were made from t h i s t o 
a B r y a n s 21001 X-Y p l o t t e r . The c u r r e n t t h r o u g h t h e c e l l 
was m e a s u r e d by r e c o r d i n g t h e p o t e n t i a l drop a c r o s s a 
one ohm r e s i s t o r . 
7 . 3 MAXIMUM OPEN C I R C U I T VOLTAGE 
D e t a i l s o f t h e g r o w t h and d o p i n g c o n d i t i o n s o f t h e 
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CdS b o u l e s u s e d t o make h e t e r o j u n c t i o n s a r e s u m m a r i s e d 
i n T a b l e I . The d . c . r e s i s t i v i t i e s o f t h e b o u l e s and t h e 
maximum OCVs o b t a i n e d from t h e f i n i s h e d c e l l s u n d e r 
- 2 
140mW cm i l l u m i n a t i o n i n t e n s i t y a r e a l s o r e c o r d e d i n 
t h i s t a b l e . The maximum OCV was r e p r o d u c i b l e from s l i c e 
t o s l i c e o f t h e same b o u l e , p r o v i d e d t h a t c a r e was t a k e n 
i n t h e p l a t i n g and c o n t a c t i n g p r o c e s s e s . 
I t a p p e a r s t h a t f o r t h e maximum OCV t h e optimum 
2 3 
r e s i s t i v i t y o f t h e CdS i s between 10 and 10 ohm cm 
( s e e F i g u r e 7 . 2 ) . The s a m p l e s p r o d u c e d from C d S : I n w h i c h 
were grown w i t h t h e d o p a n t i n t h e r e s e r v o i r f u r n a c e l i e 
on a d i f f e r e n t c u r v e o f maximum OCV v e r s u s CdS r e s i s t i v i t y 
( F i g u r e 7.2) b u t show t h e same t r e n d o f i n c r e a s i n g OCV 
. . . 2 w i t h r e s i s t i v i t y i n t h e r a n g e 10 t o 10 ohm cm. The b e s t 
c h o i c e f o r t h e v a l u e o f t h e CdS r e s i s t i v i t y would a p p e a r 
t o be a few h u n d r e d ohm cm, w h i c h i s w e l l w i t h i n t h e r a n g e 
o b t a i n a b l e by t h i n f i l m t e c h n i q u e s e i t h e r w i t h o r w i t h o u t 
d o p a n t s added t o t h e s o u r c e . I t w i l l be n o t e d t h a t t h e 
l o w e r v a l u e s o f OCV were o b t a i n e d from d e v i c e s made from 
b o u l e s c o n t a i n i n g e i t h e r e x c e s s s u l p h u r a l o n e , o r a h i g h 
p e r c e n t a g e o f i n d i u m . 
I n o r d e r t o o b t a i n t h e maximum p h o t o v o l t a g e i t was 
n e c e s s a r y t o h e a t t h e c e l l s i n a i r a t 200°C t o form t h e 
i n t r i n s i c CdS l a y e r . The u s u a l l e n g t h o f t i m e f o r t h i s 
p r o c e s s was 30-60 s e c o n d s b u t t h e e f f e c t s o f more p r o l o n g e d 
h e a t i n g h a v e been e x a m i n e d i n s u c c e s s i v e s t a g e s . 
The b e s t c e l l s , w i t h maximum OCVs o f more t h a n 
400mV, a l l p o s s e s s e d an i n i t i a l OCV o f up t o 480mV b e f o r e 
TABLE I 
B o u l e 
No . Dopant T a i l F u r a n c e 
Growth 
Temp. 
(°C) 
R e s i s -
t i v i t y 
(ohm cm) 
OCV 
max 
(mV) 
194 E x c e s s S ad ded t o c h a r g e 1160 > 1 0 7 5 
208 none S @ 300°C 1150 0. 50 430 
209 none S @ 300°C 1150 0. 60 390 
218 lOOppm Cu S @ 300°C 1150 1 0 2 550 
245 none Cd @ 550°C 1100 1 0 4 480 
246 50ppm C I Cd @ 550°C 1080 10 460 
247 50ppm C I S @ 300°C 1080 25 500 
274 lOOOppm I n s @ o 290 C 1080 1.4 360 j 
275 lOOOppm I n Cd @ 550°C 1080 0. 52 160 
276 lOOppra I n Cd @ 520°C 1080 0.33 420 
278 lOOOppm I n S @ 150°C 1080 0.094 390 
282 lOppm I n S @ 150°C 1080 3.4 460 
283 lOOOppm I n i n t a i l i @ 850°C 
1080 22 240 
285 lOOOppm I n i n t a i l @ 650°C 1080 50 340 
AEI 558 ^1170 4 x l 0 8 32 
KEI 594 — ^1170 160 460 
/ 
/ 
e / 
O / 
/ 
o \ 
\ 
\ 
\ 
t i O o 8 O 8 O O o o in 
(AW)ADO ' 3 9 V H O A l inDb lO N3dO 
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any h e a t - t r e a t m e n t . Those c e l l s w h i c h had no OCV 
i m m e d i a t e l y a f t e r p l a t i n g i m p r o v e a f t e r h e a t i n g a t 200°C 
b u t t h e OCV t h e n o b t a i n e d n e v e r e x c e e d e d 400mV. The OCVs 
o f a l l o f t h e c e l l s examined a r e shown a t v a r i o u s s t a g e s 
o f t h e h e a t - t r e a t m e n t a t 200°C i n F i g u r e 7.3. The c u r v e s 
d e m o n s t r a t e t h a t t h e maximum v a l u e was n o t a l w a y s s u s t a i n e d , 
and t h a t t h e h i g h e s t ' s a t u r a t i o n ' v a l u e was o b t a i n e d from 
c e l l s p r e p a r e d on CdS w i t h a r e s i s t i v i t y o f 10 ohm cm. 
7.4 SHORT C I R C U I T CURRENT 
A l t h o u g h o n l y a s m a l l a r e a c o n t a c t t o t h e C u 2 S 
s u r f a c e was u s e d , w i t h t h e r e s u l t t h a t c u r r e n t c o l l e c t i o n 
was i n e f f i c i e n t , t h e SCC was a l s o m o n i t o r e d a s a f u n c t i o n 
of t h e ' b a k e 1 t i m e . I t w i l l be a p p r e c i a t e d t h a t a 
g r i d d e d c o n t a c t s u i t a b l y a p p l i e d would have a l l o w e d 
l a r g e r c u r r e n t s t o be drawn. The SCC a s a f u n c t i o n o f 
bake t i m e f o r a number o f d e v i c e s i s p l o t t e d i n F i g u r e 7.4. 
The c u r v e s a r e s i m i l a r i n s h a p e t o t h o s e o f F i g u r e 7.3. 
Wi t h most d e v i c e s t h e c u r r e n t d e c r e a s e d from a maximum 
a f t e r c o n t i n u e d b a k i n g and o n l y one d e v i c e , 247-B, gave 
an a p p r e c i a b l e c u r r e n t w h i c h d i d n o t d e c r e a s e on p r o l o n g e d 
h e a t i n g a t 200°c. The r e a s o n s f o r t h i s b e h a v i o u r a r e n o t 
known. 
T h i s c e l l , a l t h o u g h h a v i n g t h e b e s t SCC o f a l l t h e 
b o u l e c e l l s , s t i l l p o s s e s s e d a p o o r F F and low e f f i c i e n c y 
b e c a u s e o f t h e i n e f f i c i e n t c u r r e n t c o l l e c t i o n . ( S ee t h e 
I ( V ) c u r v e a f t e r 12 m i n u t e s a t 200°C i n F i g u r e 7 . 5 ) . The 
SCC d e n s i t y o f t h i s b o u l e c e l l s h o u l d be compared w i t h 
t h a t o f t h e 2% e f f i c i e n t t h i n f i l m c e l l , t h e c h a r a c t e r i s t i c s 
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o f w h i c h a r e i l l u s t r a t e d i n F i g u r e 7.6. T h i s l a t t e r 
c e l l , CVC-90-C, had a g r i d d e d top e l e c t r o d e . 
I n g e n e r a l i t was o b s e r v e d w i t h b o u l e c e l l s t h a t 
t h e F F d e t e r i o r a t e d a f t e r l o n g h e a t - t r e a t m e n t , w h e r e a s 
t h e OCV u s u a l l y s t a b i l i s e d a f t e r t h e i n i t i a l c h a n g e s . 
F o r c o m p l e t i o n i t would be u s e f u l t o compare t h e 
I ( V ) c h a r a c t e r i s t i c s o f b o u l e c e l l s w i t h t h e I ( V ) 
c h a r a c t e r i s t i c s o b t a i n e d from t h e p o o r e r o f t h e t h i n 
f i l m j u n c t i o n s w i t h a g r i d d e d t o p e l e c t r o d e . Some r e s u l t s 
from a s m a l l s e l e c t i o n o f t h i n f i l m c e l l s a r e shown i n 
F i g u r e 7.7, where t h e l e n g t h o f t h e h e a t - t r e a t m e n t i s 
marked on e a c h g r a p h . T h e s e c e l l s had poor s h u n t 
r e s i s t a n c e s and low F F s , w h i c h a r e a t t r i b u t a b l e i n t h i n 
f i l m c e l l s t o p i n h o l e s h o r t - c i r c u i t s i n t h e CdS l a y e r . 
Some improvement i n t h e s e c h a r a c t e r i s t i c s was a c h i e v e d 
by r e m o v i n g t h e s h o r t - c i r c u i t e d a r e a s , w h i c h had been 
i d e n t i f i e d a s l o c a l h o t - s p o t s on t h e d i s p l a y from an 1 Aga* 
t h e r m o v i s i o n i - r c a m e r a . Such d e f e c t s were o b s e r v e d o n l y 
i n t h e CdS t h i n f i l m c e l l s and a r e t h e most common c a u s e 
o f p o o r t h i n f i l m d e v i c e y i e l d , n e c e s s i t a t i n g t h e u s e of 
a t h i c k e r f i l m t h a n t h e o p e r a t i n g mechanism r e q u i r e s . 
7.5 CdS SURFACE QUALITY 
P i n h o l e d e f e c t s were n o t p r e s e n t i n c e l l s formed 
from CdS b o u l e s l i c e s , b u t c a r e had t o be t a k e n t o u s e 
t h e same s u r f a c e t r e a t m e n t f o r e a c h s l i c e . T h i s was 
e s p e c i a l l y i m p o r t a n t when s e v e r a l c e l l s were m a n u f a c t u r e d 
from t h e same b o u l e . The s t a n d a r d p r o c e s s c o n s i s t e d o f 
r e m o v i n g t h e c u t t i n g marks by p o l i s h i n g w i t h 600 g r a d e 
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o 
carborundum f o l l o w e d by a t e n minute e t c h i n hot (110 C) 
o r t h o p h o s p h o r i c a c i d . I f i n s t e a d the s u r f a c e was 
roughened by a b r a s i o n b e f o r e c h e m i - p l a t i n g a lower OCV 
was the r e s u l t , t o g e t h e r w i t h a h i g h e r SCC. A l t e r n a t i v e l y 
the OCV was improved s l i g h t l y by p o l i s h i n g the CdS s u r f a c e 
w i t h 3 micron diamond powder b e f o r e e t c h i n g and chemi-
p l a t i n g . 
I t i s obvious t h a t a rough s u r f a c e forms a l a r g e r 
area j u n c t i o n w i t h more e f f i c i e n t l i g h t a b s o r p t i o n than 
a p o l i s h e d s u r f a c e , b u t a g a i n s t t h i s , more s u r f a c e damage 
i s c r e a t e d t o g e t h e r w i t h the a s s o c i a t e d t r a p s and recom-
b i n a t i o n c e n t r e s . 
I t would be i n t e r e s t i n g t o extend t h i s study to 
d i s c o v e r the optimum sur f a c e t r e a t m e n t f o r h i g h FF and 
maximum power p o i n t , but i n the p r e s e n t i n v e s t i g a t i o n 
the standard p o l i s h i n g and e t c h i n g t r e a t m e n t was used 
each t i m e . 
Although a b r i e f e t c h i n c o l d HC1 was used 
immediately b e f o r e the c h e m i p l a t i n g stage t o extend the 
g r a i n b o u n d a r i e s , t h i s e t c h was under review a t IRD Co. 
L t d . d u r i n g t h i s p e r i o d and was subsequently r e p l a c e d 
by a c o l d KI e t c h . This was found t o be m i l d e r and 
etched l e s s p r e f e r e n t i a l l y , so roughening the whole 
s u r f a c e s l i g h t l y , b u t i t was decided not t o change any 
parameter of the p l a t i n g process a t Durham t o a v o i d the 
i n t r o d u c t i o n of too many v a r i a b l e s . 
7.6 PHOTOVOLTAfg UNDER LOW LEVEL ILLUMINATION 
U n t i l now we have o n l y d e s c r i b e d r e s u l t s f o r h i g h 
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i n t e n s i t y i l l u m i n a t i o n o f the j u n c t i o n , b u t f o r Earth's 
s u r f a c e or o u t e r p l a n e t use i t would be necessary t o 
u t i l i s e a lower i n t e n s i t y o f i l l u m i n a t i o n than 140mW cm 
Th e r e f o r e the s t e a d y - s t a t e OCV w h i t e l i g h t response o f 
the boule c e l l s was i n v e s t i g a t e d over f o u r o r d e r s o f 
i n t e n s i t y by i n s e r t i n g n e u t r a l d e n s i t y f i l t e r s between 
the c e l l and the 140mW cm source. 
The CdS:In d e v i c e s , i n c l u d i n g 276-A which 
-2 
possessed a h i g h OCV under 140mW cm i l l u m i n a t i o n , were 
the most i n s e n s i t i v e t o low l i g h t l e v e l s , even a f t e r 
l e n g t h y h e a t - t r e a t m e n t a t 200°C. T h e i r response t o 
i n t e n s i t y changes was slow and s e v e r a l tens o f seconds 
-2 
were needed under m i c r o w a t t s cm i l l u m i n a t i o n b e f o r e 
the maximum OCV was reached. The v a r i a t i o n o f OCV w i t h 
i n t e n s i t y o f i l l u m i n a t i o n was l i n e a r . (See F i g u r e 7.8, 
i n which the parameter i s the l e n g t h o f the bake a t 
200°C i n m i n u t e s ) . 
The o t h e r c e l l s showed v a r i o u s degrees o f s a t u r a -
t i o n o f the OCV w i t h i n c r e a s i n g l i g h t i n t e n s i t y a f t e r 
p r o l o n g e d b a k i n g a t 200°C. The OCV s a t u r a t e d a t 
p r o g r e s s i v e l y lower l i g h t i n t e n s i t i e s u n t i l e v e n t u a l l y 
no f u r t h e r improvement i n response was p o s s i b l e by 
h e a t i n g a t 200°C. The response time o f the c e l l s 
( i n c l u d i n g those prepared from CdS:Cl boules and from 
CdS grown w i t h excess cadmium) a l s o became lo n g e r a f t e r 
o 
s e v e r a l minutes a t 200 C. 
The devices made from CdS grown w i t h a s u l p h u r 
t a i l f u r n a c e had a ver y good low i n t e n s i t y response 
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b e f o r e any h e a t i n g , and r a p i d l y a t t a i n e d the maximum 
OCV response curve a f t e r a very s h o r t bake ( F i g u r e 7.9). 
C e l l s made on CdS:Cu s l i c e s were even b e t t e r a t low 
l i g h t i n t e n s i t i e s , f o r example device 218:C, gave 
s a t u r a t e d c h a r a c t e r i s t i c s a f t e r o n l y one minute a t 
200°C(Figure 7.9). 
C e l l s made from boules 282, 283, 285 were not 
i n v e s t i g a t e d f u l l y , b u t even the lOppm indium doped 
b o u l e , 282, f a i l e d t o g i v e a h i g h OCV a t low l i g h t l e v e l s . 
From t h i s p a r t o f the work t h e r e f o r e , i t appears 
t h a t t o achieve a h i g h OCV under weak w h i t e i l l u m i n a t i o n 
i t i s necessary t o use CdS doped w i t h copper or grown i n 
excess s u l p h u r . 
7.7 SPECTRAL RESPONSE OF THE PHOTOVOLTAIC CELLS 
To measure the s p e c t r a l response a Barr and 
Stroud VL2 double p r i s m monochromator was used, w i t h a 
500W t u n g s t e n lamp source run from a s t a b i l i s e d mains 
su p p l y . The o u t p u t energy d i s t r i b u t i o n o f the lamp was 
measured w i t h a H i l g e r and Watts FT 16.301 Schwartz 
compensated l i n e a r vacuum t h e r m o p i l e w i t h a KBr window 
and a s e n s i t i v i t y o f 27 m i c r o v o l t s / m i c r o w a t t . The 
i l l u m i n a t i o n a t the entrance s l i t s o f the VL2 was 
me c h a n i c a l l y chopped a t 20 Hz, and the r e s u l t i n g thermo-
p i l e o u t p u t was fed t o a Barr and Stroud 7921 tuned 
a m p l i f i e r . This c a l i b r a t i o n enabled the OCV s p e c t r a l 
response o f the c e l l s t o be c o r r e c t e d f o r equal i n c i d e n t 
energy i f r e q u i r e d . For the p r e s e n t purposes the 
d i f f e r e n c e s b e t w e e n one c e l l and another are more r e a d i l y 
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discussed i f no such c o r r e c t i o n s are made, and the 
ab s o l u t e values o f the OCV are then more r e a d i l y com-
pared . 
The i n t e n s i t y o f monochromatic l i g h t on the 
p h o t o v o l t a i c j u n c t i o n through the VL2 was about one 
-2 
m i c r o w a t t cm a t the peak o f the response. Both 
entrance and e x i t s l i t s o f the monochromator were h e l d 
a t the same a p e r t u r e t h r o u g h o u t , g i v i n g a bandwidth 
v a r y i n g m o n o t o n i c a l l y from 38o8 a t 1.5 microns t o 12%. 
a t 0.5 microns. 
Only t h e OCV was monitored ( w i t h the GM6020 VVM) 
si n c e the SCC of a l l the c e l l s was too low t o determine 
a c c u r a t e l y over the whole wavelength band. 
The p h o t o v o l t a i c c e l l s were mounted i n the metal 
c r y o s t a t d e s c r i b e d p r e v i o u s l y , and t h e i r temperature was 
mon i t o r e d w i t h a copper/constantan thermocouple. Some 
samples possessed a s m a l l t h e r m o e l e c t r i c emf which was 
s u b t r a c t e d from the measured v o l t a g e t o give the OCV. 
I t was e s t a b l i s h e d t h a t t h i s emf arose from the CdS p a r t 
o f the j u n c t i o n alone. 
No e x t r a s t r u c t u r e i n the OCV s p e c t r a l response 
was observed on c o o l i n g the c e l l s t o l i q u i d n i t r o g e n 
t e m p e r a t u r e s , so t h a t i t i s o n l y necessary t o discuss 
the room temperature s p e c t r a l response f o r a number of 
c e l l s . Unless o t h e r w i s e s t a t e d the response g i v e n i s 
the s t e a d y - s t a t e value o f the OCV reached a f t e r s e v e r a l 
tens o f seconds, not the i n i t i a l v o l t a g e . F o l l o w i n g 
h e a t - t r e a t m e n t a l l c e l l s were slow t o respond', t o changes 
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i n i l l u m i n a t i o n , a l t h o u g h t h i s was n o t t r u e f o r c e l l s 
i n the 'as-prepared' c o n d i t i o n . 
The s p e c t r a l response o f the OCV f o r b o t h steady-
s t a t e and i n i t i a l values i s gi v e n i n F i g u r e 7.10 f o r a 
t y p i c a l c e l l , 594-A, a f t e r baking f o r a t o t a l p e r i o d of 
s i x t e e n minutes a t 200 °c . The d i f f e r e n c e s between the 
i n i t i a l and s t e a d y - s t a t e values became apparent a f t e r 
such t r e a t m e n t . The slow component o f the s t e a d y - s t a t e 
response enhanced or quenched the i n i t i a l f a s t response 
depending on whether the i n c i d e n t wavelength was s h o r t e r 
or l o n g e r than 8OO0X. B i l l and Bube (1970) have r e p o r t e d 
a s i m i l a r phenomenon f o r the SCC s p e c t r a l response o f 
t h e i r CdS/Cu S devices which were prepared under somewhat 
d i f f e r e n t c o n d i t i o n s . 
F i g u r e 7.10 should be compared w i t h F i g u r e 7.11 
which shows t he s t e a d y - s t a t e OCV response o f c e l l 594-A 
a f t e r successive p e r i o d s o f h e a t - t r e a t m e n t ( i n m i n u t e s ) . 
The broken curve i s an example o f the shape o f the equal 
energy s p e c t r a l response a f t e r c o r r e c t i o n f o r the s p e c t r a l 
d i s t r i b u t i o n o f t he lamp. I n c r e a s i n g s t r u c t u r e appeared 
on the curves as the h e a t i n g proceeded, and the r e l a t i v e 
h e i g h t s o f the two major peaks a t 640o8 and 900oS was 
r e v e r s e d a f t e r f o u r minutes a t 200°C. These two peaks 
are due e i t h e r t o i m p u r i t i e s i n the CdS or t o the Cu 2S. 
The peak a t about 4900&, the band gap o f CdS, was not 
ver y e v i d e n t b e f o r e h e a t i n g . Most o f the c e l l s had 
s p e c t r a l responses w i t h t h i s shape and behaviour. 
D i f f e r e n c e s arose w i t h t h e two CdS:Cl c e l l s . 
FIG.7JO SPECTRAL RESPONSE OF OCV 
DEVICE 594-A (after 16 mins at 2CO°C in air) 
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246-C and 247-B, which were s i m i l a r i n having a peak a t 
0.90 microns which p e r s i s t e d i n d o m i n a t i n g the response 
u n t i l a f t e r the c e l l s had been baked f o r t w e l v e minutes 
o 
a t 200 c. i n a d d i t i o n the peak a t 0.49 micron was very 
s m a l l ( F i g u r e 7.12). The CdS:In c e l l , 274-A, a l s o had 
a s m a l l 0.49 micron peak, and d i d n o t show the extended 
l o n g wavelength response which had been r e p o r t e d by the 
C l e v i t e group. C e l l s 245-B (excess cadmium) and 218-C 
(CdS:Cu) were very s i m i l a r t o each o t h e r , but again the 
dopant had no e f f e c t on the bandwidth o f the response 
( F i g u r e 7.13). 
I t i s perhaps s u r p r i s i n g t h a t the presence o f 
dopants i n the CdS had such a sm a l l e f f e c t on the 
s p e c t r a l response, f o r i f the CdS l a y e r had been a c t i v e 
i n t h e p a i r - p r o d u c t i o n process then some e x t e n s i o n t o 
the red end o f the s p e c t r a l response would be expected 
by the presence o f , say, indium. 
7.8 PHOTOVOLTAIC PROPERTIES AS A FUNCTION OF TEMPERATURE 
The v a r i o u s dopants do a f f e c t some o f the o t h e r 
p r o p e r t i e s o f the c e l l s , f o r example d i f f e r e n c e s i n the 
temperature v a r i a t i o n o f the OCV can be observed. Before 
the c e l l s were s u b j e c t e d t o any form o f h e a t - t r e a t m e n t 
they were s e n s i t i v e t o s m a l l i n c r e a s e s i n temperature, 
even i n a vacuum, and i r r e v e r s i b l e changes took place 
o 
e x a c t l y s i m i l a r t o those brought about by the 200 C 
t r e a t m e n t . A l t h o u g h w i t h many c e l l s the response t o 
-2 
140mW cm w h i t e l i g h t was not very temperature dependent, 
a few e x h i b i t e d l a r g e v a r i a t i o n s i n OCV as the temperature 
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was r a i s e d from 100° to 420°K (see F i g u r e 7.14 and 7.15). 
The undoped CdS samples behaved very much a l i k e : 
the s t r u c t u r e p r e s e n t a f t e r an i n i t i a l one minute a t 200°C 
g r a d u a l l y vanished a f t e r f u r t h e r p e r i o d s o f h e a t i n g , t o 
gi v e a smooth curve from which the OCV i s seen t o decrease 
w i t h i n c r e a s i n g ambient temperature. 
The CdS:Cu c e l l , 218-C, i n an 1 as-prepared 1 con-
d i t i o n behaved as though i t had al r e a d y been s u b j e c t e d t o 
a lengthy h e a t i n g a t 200°C, and i n f a c t h e a t i n g a t 200°C 
made v e r y l i t t l e d i f f e r e n c e . No s t r u c t u r e e x i s t e d on the 
curve o f OCV versus -temperature, which was s i m i l a r t o 
those o f the undoped c e l l s a f t e r they had been heated. 
Device 246-C had the most unusual o f a l l t h e temperature 
c h a r a c t e r i s t i c s . A poor low temperature OCV was f u r t h e r 
degraded by h e a t i n g a t 200°c. 247-B, a l s o doped w i t h 
chlorine, had a low temperature OCV which decreased d u r i n g 
h e a t - t r e a t m e n t , b u t not as d r a s t i c a l l y as 246-C. The 
CdS:In c e l l s were u n s t a b l e a t low temperatures and t h e i r 
poor low l i g h t - l e v e l response made accurate measurements 
i m p o s s i b l e . 
7.9 VARIATIONS IN OCV WITH TEMPERATURE AT DIFFERENT 
WAVELENGTHS 
An a t t e m p t was made t o determine whether v a r i o u s 
s p e c t r a l components o f the w h i t e l i g h t c o n t r i b u t e d 
d i f f e r e n t l y t o the o v e r a l l v a r i a t i o n o f the OCV w i t h 
t e mperature. I n so doing i t was hoped t o d i s c o v e r b o t h 
the source o f the poor low temperature response o f the 
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CdS:Cl c e l l s , and the source o f the poor h i g h temperature 
response o f a l l o f the c e l l s a f t e r l e n g t h y h e a t - t r e a t m e n t . 
F i r s t c o n s i d e r F i g u r e 7.16 which shows the OCV 
e x c i t e d by l i g h t o f t h r e e d i f f e r e n t wavelengths as a 
f u n c t i o n o f temperature f o r c e l l 208-C. Three peaks i n 
the s p e c t r a l response a t approximately 0.90 f 0.64 and 
0.49 microns have a l r e a d y been shown t o account f o r most 
o f the l i g h t u s e f u l l y absorbed. For t h i s reason l i g h t a t 
these t h r e e wavelengths was used i n t h i s p a r t i c u l a r e x p e r i -
ment. The response o f 208-C a t 0.90 microns had a maximum 
a t a temperature o f 330°K a f t e r one minute a t 2 0 0 ° c , but 
t h i s g r a d u a l l y changed d u r i n g h e a t - t r e a t m e n t t o a minimum, 
w h i l e two a d j a c e n t peaks a t 230°K and 370°K appeared 
a f t e r 24 minutes a t 200°C. Nevertheless a f t e r 24 minutes 
a t 200°C the OCV o f t h i s device a t 370°C under w h i t e 
i l l u m i n a t i o n was f a l l i n g r a p i d l y w i t h temperature 
( F i g u r e 7.14). From the lower p a r t o f F i g u r e 7.16 i t w i l l 
be seen t h a t the OCV under i l l u m i n a t i o n w i t h both 0.64 
and 0.49 micron r a d i a t i o n , the dominant wavelengths 
a f t e r h e a t - t r e a t m e n t , were f a l l i n g w i t h temperature. 
I t i s concluded t h e r e f o r e t h a t : (a) the poor h i g h 
temperature response o f t h i s c e l l t o w h i t e i l l u m i n a t i o n 
i s due t o the decreasing response t o 0-64 and 0.49 micron 
i l l u m i n a t i o n ; (b) a quenching e f f e c t e x i s t s around 0.90 
mic r o n , 330°K f o r the h e a t - t r e a t e d c e l l . 
C e l l 209-C, a l s o grown w i t h excess s u l p h u r , had 
a broad minimum a t 0-90 micron, 330-370°K, p o s s i b l y 
r e s o l v a b l e i n t o two d i s t i n c t minima. 
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Now consider F i g u r e 7.17. This shows the OCV o f 
c e l l 246-C as a f u n c t i o n o f temperature under mono-
chromatic i l l u m i n a t i o n * a t two stages i n the heat-
t r e a t m e n t . Two wavelengths have been used, 0.90 and 0.64 
mic r o n , and w i t h both o f these a l a r g e drop i n OCV 
o c c u r r e d a t low temperatures. The OCV e x c i t e d by w h i t e 
l i g h t a l s o d i s p l a y e d t h i s f e a t u r e (Figure 7.15) but only 
a f t e r s e v e r a l minutes a t 200°C. The h i g h OCV of t h i s 
d e vice a t low temperatures i n wh i t e l i g h t a f t e r o n l y one 
minute a t 200°C was found t o be due t o the 0.49 micron 
component, which f o r most c e l l s was found t o p a r a l l e l the 
0.64 micron response. No d e f i n i t e quenching bands appear 
f o r the 0.90 micron i l l u m i n a t i o n but t h e r e was a s m a l l 
drop i n the 0.64 micron response a t 360°K f o r the heat-
t r e a t e d c e l l . 
The r e s u l t s o b t a i n e d from the o t h e r CdS:Cl c e l l , 
247-B, have evidence of a s m a l l broad quenching band near 
340°K f o r the 0.90 micron r a d i a t i o n and a c l e a r e r minimum 
a t 330°K f o r the 0.64 micron r a d i a t i o n . 
R e sults from measurements of the same type on the 
copper doped c e l l 218-C are gi v e n i n F i g u r e 7.18. These 
e x h i b i t the same broad s t r u c t u r e l e s s shape a s s o c i a t e d 
w i t h p r e v i o u s curves from t h i s d e v i c e . A quenching 
e f f e c t was again p r e s e n t f o r the h e a t - t r e a t e d c e l l , a t 
0.90 micron, 310°K. 
C e l l 594-A had minima on both the 0.90 and 0.64 
micron curves a f t e r prolonged h e a t i n g . These were a t 
340°K (0-64 micron) and a t 320°K (0.90 m i c r o n ) . 
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I t i s p o s s i b l e t h a t some o f the s t r u c t u r e of 
these curves i s s i m i l a r t o t h a t found i n TSC measurements, 
and which i s a s s o c i a t e d w i t h the presence o f t r a p s i n the 
CdS, b u t TSC experiments on re v e r s e - b i a s e d CdS/Cu S 
j u n c t i o n s f a b r i c a t e d from these CdS boules have so f a r 
f a i l e d t o y i e l d any i n f o r m a t i o n owing t o the r e l a t i v e l y 
h i g h reverse leakage c u r r e n t . This i s expected t o be lower 
on p e r f e c t s i n g l e c r y s t a l c e l l s , since the boule CdS s l i c e s 
have many s t r u c t u r a l d e f e c t s (e.g. g r a i n boundaries) which 
a i d leakage and c a r r i e r r e c o m b i n a t i o n . 
The minima observed i n the OCV versus temperature 
curves are summarised i n Table I I . 
TABLE I I 
C e l l No. Dopant 
Minima (°K) 
0.90 micron 0 .64 micron 
208-C S excess 330 — 
209-C S excess 330-370 — 
218-C Cu+S excess 310 — 
246-C Cl+Cd excess 360 
247-B Cl+S excess (340) 330-340 
594-A — 3 20 340 
7.10 JUNCTION CAPACITANCE 
P r e l i m i n a r y measurements of conductance and 
capa c i t a n c e as a f u n c t i o n o f the b i a s v o l t a g e have been 
made u s i n g an i n s t r u m e n t designed and b u i l t by M a r t i n 
(1970). These have shown the e x i s t e n c e o f pho t o c a p a c i -
tance e f f e c t s ( i . e . i l l u m i n a t i o n w i t h w h i t e l i g h t produced 
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an i n c r e a s e i n j u n c t i o n c a p a c i t a n c e ) , and m e r i t f u r t h e r 
study t o determine i f enhancement and quenching e f f e c t s 
are p r e s e n t f o r combinations of wavelength and temperature, 
s i m i l a r t o those a l r e a d y d e s c r i b e d . L i n d q u i s t and Bube 
(1970) have p u b l i s h e d some photocapacitance r e s u l t s , 
o b t a i n e d mainly from non-heated devices, and have used 
the evidence t o support t h e i r t h eory o f conduction across 
the j u n c t i o n by t u n n e l l i n g . 
7.11 ELECTROLUMINESCENCE 
Attempts were made t o d e t e c t i - r e l e c t r o l u m i n e s c e n c e 
from biased CdS/Cu S devices. The d e t e c t o r employed was 
an EMI 9684-B i - r p h o t o m u l t i p l i e r w i t h S l - t y p e photo-
cathode, mounted i n a metal c r y o s t a t which enabled the 
photocathode t o be cooled w i t h l i q u i d n i t r o g e n . This 
reduced the dark c u r r e n t t o about 6nA a t l . l k V . The 
s e n s i t i v i t y was 20A lm ^ a t room temperature but was 
reduced by c o o l i n g the tube. The long-wavelength response 
o 
peak was found t o be a t 6000A, w i t h a c u t - o f f a t about 
one micron. 
No d e t e c t a b l e emission was obtain e d from any of 
the devices e i t h e r w i t h f orward or reverse b i a s , both 
b e f o r e and a f t e r h e a t - t r e a t m e n t , even when the photo-
m u l t i p l i e r i n p u t was mechanically chopped a t 800Hz and 
the anode was connected t o the Barr and Stroud 7921 
tuned a m p l i f i e r . E i t h e r the emission was beyond the 
s e n s i t i v i t y or waveband of the p h o t o m u l t i p l i e r , or the 
i n j e c t e d c a r r i e r s recombined n o n - r a d i a t i v e l y a t , say, 
the j u n c t i o n i n t e r f a c e s t a t e s . 
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7.13 SUMMARY 
To o b t a i n the maximum OCV from the CdS/Cu S 
p h o t o v o l t a i c c e l l i t has been found necessary t o use 
CdS w i t h a r e s i s t i v i t y of a few hundred ohm cm. This 
can e a s i l y be achieved by t h i n f i l m techniques whether 
dopants are i n c o r p o r a t e d i n t o the f i l m or n o t . 
U n f o r t u n a t e l y the use of indium as a dopant has 
been found t o y i e l d poor devices w i t h l o n g response times 
and poor low l i g h t i n t e n s i t y response. A p o s s i b l e 
advantage o f a CdS:In/Cu 2S c e l l i s t h a t the response t o 
l i g h t i n t e n s i t y i s l i n e a r . C e l l s formed^on CdS grown 
i n excess sulphur were a l s o poor except i n r e s p e c t o f 
t h e i r OCV response t o low l i g h t i n t e n s i t i e s which was 
good. CdS:Cl produced c e l l s w i t h a h i g h OCV, b u t the 
dopant had no g r e a t e f f e c t on the o t h e r c h a r a c t e r i s t i c s . 
CdS:Cu was more u s e f u l as the s t a r t i n g m a t e r i a l s i n c e 
i t produced a device which had good c h a r a c t e r i s t i c s 
b e f o r e any h e a t - t r e a t m e n t , coupled w i t h a f a s t response. 
H e a t - t r e a t m e n t , which i s u s u a l l y necessary t o achieve 
h i g h performance, g e n e r a l l y has the e f f e c t o f slow i n g 
the response. 
Heat-treatment o f the o t h e r c e l l s , w h i l s t 
i m p r o v i n g t h e OCV which could be ob t a i n e d w i t h low l e v e l 
i l l u m i n a t i o n , a l s o produced temperature quenching e f f e c t s 
w i t h 0.90 micron i l l u m i n a t i o n , e s p e c i a l l y a t temperatures 
s l i g h t l y above room temperature. CdS:Cl c e l l s showed 
temperature quenching e f f e c t s above room temperature 
w i t h 0.64 micron i l l u m i n a t i o n . 
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A f t e r heat t r e a t m e n t , a l l devices possessed a 
slow component o f the OCV under e x c i t a t i o n w i t h wave-
l e n g t h s g r e a t e r than 0.49 micron. This e i t h e r enhanced 
or quenched the i n i t i a l r a p i d response, a c c o r d i n g t o 
wavelength. The 0.49 and 0.64 micron peaks i n the steady-
s t a t e s p e c t r a l response became more dominant w i t h 
extended h e a t - t r e a t m e n t a t 200°C. 
No d i f f e r e n c e s i n the shapes of the s p e c t r a l 
responses were found f o r any o f the c e l l s formed on 
doped CdS, but the v a r i a t i o n of the OCV w i t h temperature 
was d i f f e r e n t from one sample t o another, and became 
more complex as the h e a t - t r e a t m e n t continued. The c e l l 
w i t h the smoothest temperature v a r i a t i o n was again t h a t 
prepared on the CdS:Cu base l a y e r . 
The t r e a t m e n t given t o the surface o f the CdS 
b e f o r e p l a t i n g w i t h Cu^S was found markedly t o a f f e c t 
the maximum OCV o b t a i n a b l e from any one boule. Rough 
su r f a c e s gave poor OCVs, but good SCCs. 
The i n t e r p r e t a t i o n o f these r e s u l t s w i l l be 
c o n t i n u e d i n a f u r t h e r chapter. 
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CHAPTER 8 : DISCUSSION OF THE PHOTOVOLTAIC MEASUREMENTS 
8.1 INTRODUCTION 
Several o f the r e s u l t s d e s c r i b e d i n the p r e v i o u s 
c h a p t e r r e q u i r e more d i s c u s s i o n than was a f f o r d e d by the 
b r i e f comments which accompanied t h e i r d e s c r i p t i o n . I t 
i s p o s s i b l e t o o f f e r reasonable e x p l a n a t i o n s f o r much of 
the behaviour o f our CdS-Cu^S h e t e r o j u n c t i o n s i n terms 
o f the ' C l e v i t e ' model of the devi c e . (See Section 2-6). 
8.2 HEAT-TREATMENT 
The e f f e c t of the he a t - t r e a t m e n t was t o modify 
the responses o f the c e l l s t o a v a r i e t y o f s t i m u l i . Not 
onl y were the magnitudes o f the OCV and SCC a f f e c t e d , 
b u t t h e i r s p e c t r a l response, response t i m e , and t h e i r 
v a r i a t i o n w i t h temperature were also a f f e c t e d . When 
c e r t a i n dopants were present i n the CdS l a y e r , heat-
t r e a t m e n t produced l e s s d r a s t i c changes i n the c e l l 
b e h a v i our. 
I n general terms we can understand a l l these 
phenomena as due t o the t h e r m a l l y enhanced d i f f u s i o n o f 
copper from the Cu S i n t o the n-CdS t o form a compensated 
l a y e r o f h i g h r e s i s t i v i t y CdS. As the h e a t i n g p e r i o d a t 
200°C was extended t h i s l a y e r grew and i t s presence became 
more obvious. The i n i t i a l stages o f the h e a t - t r e a t m e n t 
a l s o a f f e c t e d the surf a c e r e f l e c t i v i t y of the Cu 2S, and 
i t became darker and more matt. 
Since the OCV and SCC both increased d u r i n g the 
i n i t i a l stages o f h e a t i n g , t h e r e must be e i t h e r more 
e f f i c i e n t l i g h t a b s o r p t i o n or b e t t e r c a r r i e r c o l l e c t i o n . 
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to g e t h e r w i t h an increased b a r r i e r h e i g h t . A f t e r the 
h e i g h t of the b a r r i e r had a t t a i n e d i t s constant value 
and the OCV was a t a maximum, the response t o low l i g h t 
l e v e l s improved, w h i l s t both the SCC and OCV began t o 
decrease s l i g h t l y . 
8.3 i-CdS REGION 
I t w i l l be remembered t h a t the best c e l l s possessed 
an OCV be f o r e any he a t - t r e a t m e n t whatsoever. This means 
t h a t a p o t e n t i a l b a r r i e r of some unknown h e i g h t must 
e x i s t between the Cu2S and the CdS before h e a t - t r e a t m e n t . 
The i n t e r m e d i a t e i-CdS l a y e r helps t o improve the SCC 
by photoconductive e f f e c t s which a i d e l e c t r o n t r a n s p o r t 
across the j u n c t i o n r e g i o n , and a t the same time a l l o w s 
l a r g e r OCVs t o be developed by the p o t e n t i a l b a r r i e r 
than would otherwise be p o s s i b l e between Cu2S and CdS, 
by r e d u c i n g the recombination c u r r e n t s . I t also prevents 
t u n n e l l i n g between p + and n + regions which produces 
i n s t a b i l i t i e s i n diode behaviour, as observed i n the I ( V ) 
c h a r a c t e r i s t i c s o f the unheated c e l l s . F u r t h e r i t i s 
suggested t h a t the poorer c e l l s had d e f e c t s i n the 
j u n c t i o n r e g i o n which s h o r t e d out the p h o t o v o l t a g e , b ut 
t h a t subsequent f o r m a t i o n of the i-CdS r e g i o n widened 
the j u n c t i o n r e g i o n and removed the s h o r t - c i r c u i t p a t hs. 
The l o n g time constant e f f e c t s a s s o c i a t e d w i t h 
the baked c e l l s are s i m i l a r t o those which e x i s t i n 
hig h r e s i s t i v i t y , p h o t o c o n d u c t i v e , CdS which c o n t a i n s 
t r a p s which are r e s p o n s i b l e f o r the slow decay 
observed i n p h o t o c o n d u c t i v i t y measurements. Several 
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tens o f seconds are r e q u i r e d b e f o r e such t r a p s a t t a i n 
t h e r m a l e q u i l i b r i u m a f t e r any change i n the b i a s 
i l l u m i n a t i o n . The quenching and enhancement behaviour 
o f the slow component of the OCV response t o monochromatic 
e x c i t a t i o n i s t y p i c a l of the photoconductive e f f e c t s i n 
CdS which are connected w i t h the capture and re l e a s e 
of holes a t recombination centres i n the CdS. 
The increase i n OCV f o r baked c e l l s on exposure 
o 
t o 4900A r a d i a t i o n i s probably due t o increased l i g h t 
a b s o r p t i o n i n the CdS l a y e r . Since the Cu S does not 
2 
appear t o be becoming more t r a n s p a r e n t t o i l l u m i n a t i o n 
w i t h c ontinued h e a t i n g , then l i g h t a b s o r p t i o n must be 
becoming more e f f i c i e n t i n the CdS. The only suggested 
change i n the CdS i s the increase i n w i d t h of the 
i n s u l a t i n g l a y e r so t h a t i t must be t h i s which i s 
a c t i v e l y i n v o l v e d i n the l i g h t a b s o r p t i o n a t 4900A*. 
I t w i l l be remembered however t h a t not a l l o f the c e l l s 
had a n o t i c e a b l e peak i n the s p e c t r a l response a t t h i s 
wavelength. 
8.4 DOPANTS 
As might be expected from the preceding s e c t i o n , 
c e l l s formed on CdS which already contained copper 
needed l i t t l e h e a t i n g before optimum performance was 
o b t a i n e d . The use of CdS:Cu r e s u l t e d i n good e f f i c i e n t 
c e l l s w i t h o u t the im p a i r e d response time or temperature 
quenching e f f e c t s which were c h a r a c t e r i s t i c of the heat-
t r e a t e d c e l l s . The CdS:Cu c e l l s are l i k e l y t o have an 
extremely t h i n i-CdS r e g i o n and i t s presence i s 
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p r a c t i c a l l y u n d e t e c t a b l e . I t appears from t h i s t h a t 
an i-CdS l a y e r i s not e s s e n t i a l f o r c e l l o p e r a t i o n . 
Indium i n the CdS l a y e r appears t o a f f e c t the 
r a t e o f growth of the i-CdS-region, because much longer 
p e r i o d s of baking were r e q u i r e d t o produce the behaviour 
t y p i c a l o f the other heated c e l l s . I n f a c t i t was 
d i f f i c u l t t o achieve h i g h OCVs a t low l i g h t l e v e l s , and 
a l i n e a r response t o l i g h t i n t e n s i t y was recorded. The 
CdSrln s l i c e s always formed c e l l s w i t h long response 
t i m e s . (Shiozawa e t a l , 1968, r e p o r t e d t h a t indium 
doping slowed the r a t e o f growth of i-CdS and thus 
improved the h i g h temperature s t a b i l i t y o f these c e l l s ) . 
CdS grown i n excess sulphur had s i m i l a r e f f e c t s 
on the p r o p e r t i e s of the h e t e r o j u n c t i o n s f o r which i t 
formed the base l a y e r , but t o a l e s s e r degree than CdS 
c o n t a i n i n g indium. I t should be noted t h a t the problem 
of poor c e l l s formed from s u l p h u r - r i c h CdS i s not en-
countered i n the t h i n f i l m device s i n c e , as w i l l be shown 
i n Chapter 9, the ev a p o r a t i o n of CdS leads t o cadmium-
r i c h r a t h e r than s u l p h u r - r i c h l a y e r s . 
J u n c t i o n s formed on chlorine-doped CdS always 
had a poor OCV under 4900A i l l u m i n a t i o n , as had the 
l e s s - h i g h l y doped CdS:In c e l l s . I n a d d i t i o n they had 
more extreme temperature quenching e f f e c t s than j u n c t i o n s 
on o t h e r CdS c r y s t a l s . 
8.5 OCV SPECTRAL RESPONSE 
The maxima of the t h r e e peaks i n the OCV s p e c t r a l 
o o 
response were l o c a t e d a t wavelengths of 4900A, 6400A, 
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9000&, which correspond t o photon energies o f 2.53eV, 
1.94eV, 1.38eV. The f i r s t of these has alre a d y been 
a t t r i b u t e d t o d i r e c t band t o band t r a n s i t i o n s i n the 
CdS. The other two were a t f i r s t t hought t o be caused 
by a b s o r p t i o n i n the Cu2S l a y e r which has the two band 
gaps o f 1.8eV ( d i r e c t ) and 1.2eV ( i n d i r e c t ) . However 
i f t h a t were so i t would be d i f f i c u l t t o e x p l a i n why 
t h e i r r e l a t i v e h e i g h t s should change a f t e r h e a t - t r e a t m e n t , 
and i n p a r t i c u l a r t o f i n d reasons f o r the increased 
a b s o r p t i o n a t 640o£ i n the h e a t - t r e a t e d c e l l s . This 
l a t t e r e f f e c t may be connected w i t h the change i n com-
p o s i t i o n o f the copper s u l p h i d e l a y e r as i t undergoes 
h e a t i n g and becomes d e f i c i e n t i n copper ( S e c t i o n 2.2), 
which w i l l produce a change i n the a b s o r p t i o n c o e f f i c i e n t 
and energy gaps. Any such e f f e c t however i s u n l i k e l y 
t o be l a r g e . I f these two peaks i n the s p e c t r a l 
response were due to a b s o r p t i o n i n the copper su l p h i d e 
l a y e r , then t h e r e would be l i t t l e d i r e c t evidence f o r 
p h o t o - c a r r i e r c r e a t i o n a t i m p u r i t y l e v e l s i n the CdS. 
However, we suggest t h a t the 640o8 peak i s due 
pr e d o m i n a n t l y t o a b s o r p t i o n o f photons by centres i n 
the copper-doped CdS, i n agreement w i t h G i l l e t a l 
(1968) who came t o a s i m i l a r c o n c l u s i o n from t h e i r 
experiments on the SCC s p e c t r a l response of CdS-Cu2S 
j u n c t i o n s . I t should a l s o be noted t h a t copper doped 
CdS has a photoconductive maximum a t about 640oS. 
Thus the suggestion i s t h a t an inc r e a s e i n the OCV a t 
t h i s wavelength a f t e r baking i s a s s o c i a t e d w i t h the 
increased number of copper i m p u r i t i e s i n the CdS, and 
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o n l y the 9000A a b s o r p t i o n i s due t o e x c i t a t i o n across 
the i n d i r e c t gap i n Cu S . ( I n agreement w i t h these 
c o n c l u s i o n s i t should be s t a t e d t h a t Bube e t a l (1962) 
r e p o r t e d t h a t copper l e v e l s e x i s t a t about 1.7eV below 
the conduction band i n h e a v i l y copper doped CdS). 
C o r r o b o r a t i n g evidence i s p r o v i d e d by Nakayama 
(1969) who found t h a t c e l l s w i t h t h i c k copper s u l p h i d e 
l a y e r s had t h e i r s p e c t r a l response c e n t r e d on 9000&, 
whereas c e l l s w i t h t h i n Cu S gave a l a r g e response a t 
6400& and l e s s a t 9000&. 
Thus the o b s e r v a t i o n t h a t the long wavelength 
s p e c t r a l response was constant i r r e s p e c t i v e of CdS 
i m p u r i t i e s i s not so s u r p r i s i n g since t h i s p o r t i o n of 
the spectrum i s associated s o l e l y w i t h a b s o r p t i o n i n 
the Cu S. Indeed, i m p u r i t i e s may p r o v i d e recombination 
c e n t r e s f o r the p h o t o - e l e c t r o n s passing through the CdS, 
and so would be a source of i n e f f i c i e n c y ( S e c t i o n 1.3.2). 
8.6 THERMAL QUENCHING OF THE OCV 
F i n a l l y we must mention the temperature quenching 
e f f e c t s observed i n h e a t - t r e a t e d c e l l s under mono-
chromatic e x c i t a t i o n . S i m i l a r o p t i c a l and thermal 
quenching e f f e c t s have been observed i n the luminescence 
and p h o t o c u r r e n t phenomena of CdS c r y s t a l s . For example, 
B u r g e t t and L i n (1970) have a t t r i b u t e d the i - r 
quenching of the cathodo-luminescence of CdS:Cu t o 
doubly i o n i s e d copper c e n t r e s at l e v e l s 0.89eV and 
1.38-1.55eV above the valence band of CdS. Rushby (1966) 
has observed i - r quenching of the p h o t o c u r r e n t i n 
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s u l p h u r - r i c h CdS which was produced by l e v e l s a t 
about 1.40eV and 0.86eV above the valence band. 
O p t i c a l quenching o f the photocapacitance o f CdS-Cu2S 
j u n c t i o n s has been r e p o r t e d by L i n d q u i s t and Bube (1970) 
which may be caused by energy l e v e l s a t about 1.4eV and 
0.92eV above the valence band o f the CdS. Thus two 
energy l e v e l s a t about 0.9eV and about 1.4eV are 
f r e q u e n t l y observed i n v a r i o u s quenching phenomena i n 
CdS c r y s t a l s , some of which are i n t e n t i o n a l l y doped 
w i t h copper. G i l l and Bube (1970) have a l s o deduced 
the presence o f two f u r t h e r l e v e l s from t h e i r i n v e s t i -
g a t i o n of o p t i c a l quenching of the p h o t o c u r r e n t i n 
CdS-Cu S j u n c t i o n s . They suggest the e x i s t e n c e o f two 
c e n t r e s a t 0.3eV and l . l e V above the CdS valence band, 
perhaps due t o copper i m p u r i t i e s i n the CdS. Bube 
e t a l (1962) r e p o r t t h a t somewhat s i m i l a r l e v e l s were 
found by A v i n o r (1959), i . e . a t 2.13eV below conduction 
band i n copper-doped CdS and a t 1.38eV below conduction 
band i n CdS doped w i t h copper p l u s indium. 
Now l e t us r e t u r n t o the quenching e f f e c t s 
observed i n the p r e s e n t experiments on the.OCV response 
o f the c e l l s t o monochromatic i l l u m i n a t i o n . The f i r s t 
o f these was the slow o p t i c a l quenching or enhancement 
of the OCV response t o monochromatic i l l u m i n a t i o n . 
For wavelengths g r e a t e r than 0.78 micron quenching 
took p l a c e , and f o r wavelengths between 0.5 and 0.78 
micron enhancement of the i n i t i a l OCV oc c u r r e d . The 
second e f f e c t was the thermal quenching o f the OCV a t 
c e r t a i n wavelengths o f i l l u m i n a t i o n , as summarised i n 
Table I I / Chapter 7. 
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Enhancement o f t h e OCV a t w a v e l e n g t h s between 
0.5 and 0.78 m i c r o n i s a s s o c i a t e d w i t h o p t i c a l 
a b s o r p t i o n i n the i- C d S as d i s c u s s e d above. T h e r e 
a p p e a r s t o be a s l o w i n c r e a s e i n t h e p h o t o c o n d u c t i v i t y 
o f t h i s r e g i o n when the c e l l i s e x p o s e d t o t h e low 
l e v e l s of i l l u m i n a t i o n o b t a i n e d from t h e monochromator. 
The r e s u l t i n g s l o w growth i n the OCV i s a s s o c i a t e d w i t h 
t h e low c a p t u r e c r o s s - s e c t i o n o f t h e s h a l l o w and medium 
d e p t h e l e c t r o n t r a p s , w h i c h must be f i l l e d b e f o r e t h e 
maximum p h o t o c u r r e n t c a n be a t t a i n e d . 
Q u e n c h i n g o f the OCV a t w a v e l e n g t h s g r e a t e r 
t h a n 0.78 m i c r o n i s p r o b a b l y c a u s e d by n e g a t i v e p h o t o -
c o n d u c t i v i t y , w h i c h i s a n a l a g o u s to t h e i - r q u e n c h i n g 
o b s e r v e d when two beams o f l i g h t o f t h e c o r r e c t wave-
l e n g t h f a l l s i m u l t a n e o u s l y on a CdS p h o t o c o n d u c t o r . 
Thus i r r a d i a t i o n i n t h i s band o f w a v e l e n g t h s (0.78 t o 
1.2 m i c r o n ) w i l l c a u s e t h e r e s i s t a n c e o f t h e i - C d S t o 
i n c r e a s e as t h e r e c o m b i n a t i o n c e n t r e s become a c t i v e 
and t h e OCV w i l l f a l l a s the l o s s mechanisms become 
more i m p o r t a n t . 
I t i s d i f f i c u l t t o g i v e t h e e x a c t mechanism f o r 
t h e combined o p t i c a l and t h e r m a l q u e n c h i n g o f t h e 
m o n o c h r o m a t i c OCV, b u t t h e r e d u c t i o n i n t h e low OCV 
a t 0.90 o r 0.64 m i c r o n a t t e m p e r a t u r e s o n l y j u s t above 
room t e m p e r a t u r e may be c o n n e c t e d w i t h t h e r m a l l y a s s i s t e d 
f i l l i n g o f c o p p e r l e v e l s o r c o m p l e x e s . I t s h o u l d be 
n o t e d t h a t t h e u s u a l t h e r m a l q u e n c h i n g o f p h o t o -
o 
c o n d u c t i v i t y r e q u i r e s t e m p e r a t u r e s o f abou t 400 K. 
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Much r e m a i n s to be done c o n c e r n i n g t h e 
i m p o r t a n t i m p u r i t i e s i n t h e CdS r e g i o n o f t h e j u n c t i o n , 
b u t i t i s i n t e r e s t i n g t o n o t e t h a t t h e Cu S l a y e r h a s 
a b e h a v i o u r w h i c h i s c o n s i s t e n t w i t h t h e g e n e r a l b e l i e f 
t h a t i t i s h i g h l y d e g e n e r a t e , i . e . h e a t - t r e a t m e n t h a s 
l i t t l e e f f e c t on t h e c h a r a c t e r i s t i c s o f t h e Cu S. 
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CHAPTER 9 : 
E F F E C T S OF THE SOURCE COMPOSITION ON THE THIN FILM 
PROPERTIES 
9.1 INTRODUCTION 
I n t h i s c h a p t e r i t i s i n t e n d e d t o e n l a r g e on t h e 
b r i e f e x p l a n a t i o n s g i v e n f o r some o f t h e e x p e r i m e n t a l 
o b s e r v a t i o n s i n t h e p r e v i o u s c h a p t e r s , and t o p r o v i d e 
some t h e o r e t i c a l b a s i s f o r t h e s e s u g g e s t i o n s w h e r e v e r 
p o s s i b l e . 
Many o f t h e p r o b l e m s w h i c h have a r i s e n o u t o f t h e 
e x p e r i m e n t a l r e s u l t s a r e c o n c e r n e d w i t h t h e t r a n s p o r t 
p r o p e r t i e s o f t h e c h a r g e c a r r i e r s i n t h e f i l m s . F o r 
example, an e x p l a n a t i o n i s r e q u i r e d o f t h e o r i g i n o f 
t h e p h o t o s e n s i t i v e b e h a v i o u r o f t h e f i l m s , and t h e s o u r c e 
o f t h e a d d i t i o n a l c o n d u c t i o n e l e c t r o n s i n t h e t h i c k e r 
f i l m s . C o n n e c t e d w i t h t h e s e phenomena a r e t h e r o l e s o f 
i m p u r i t i e s , d o p a n t s , and n o n - s t o i c h i o m e t r y i n t h e 
e l e c t r i c a l b e h a v i o u r o f t h e l a y e r s . 
T h i s c h a p t e r i s c o n c e r n e d w i t h a t h e o r e t i c a l s t u d y 
o f t h e e v a p o r a t i o n and c o n d e n s a t i o n k i n e t i c s , f o l l o w i n g 
a scheme s u g g e s t e d i n an IRD & Co. L t d . r e p o r t (Syms 
e t a l , 1 9 6 6 ) . T h e s e i d e a s e x p l a i n why i t i s i m p o r t a n t 
t o c o n t r o l b o t h t h e e v a p o r a t i o n r a t e and t h e s u b s t r a t e 
t e m p e r a t u r e i f i t i s d e s i r e d t o grow CdS o r CdSe f i l m s 
w i t h r e p r o d u c i b l e p r o p e r t i e s . I t i s a l s o p o s s i b l e t o 
show from s u c h a s t u d y t h a t t h e e v a p o r a t i o n r a t e ( w h i c h 
i s c o n t r o l l e d by t h e s o u r c e t e m p e r a t u r e ) s h o u l d d o m i n a t e 
t h e s u b s t r a t e t e m p e r a t u r e i n d e t e r m i n i n g t h e p r o p e r t i e s 
o f CdSe f i l m s and v i c e v e r s a f o r CdS f i l m s . 
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9.2 EVAPORATION K I N E T I C S 
9.2.1 The V a p o u r i s a t i o n o f CdS 
L e t us examine t h e p r o c e s s e s whereby a s o u r c e o f 
CdS i s v a p o u r i s e d and s u b s e q u e n t l y c o n d e n s e d on a h e a t e d 
s u r f a c e . 
S o m o r j a i and J e p s e n ( 1 9 6 4 a , b) have s t u d i e d t h e 
e v a p o r a t i o n mechanism o f CdS s i n g l e c r y s t a l s and have 
s u g g e s t e d t h a t t h e f o l l o w i n g f o u r p r o c e s s e s o c c u r . 
CdS ( S o l i d ) Cd ( s u r f a c e ) + S ( s u r f a c e ) 
Cd ( s u r f a c e ) ^ Cd ( g a s ) 
2S ( s u r f a c e ) ^ ( s u r f a c e ) 
S ( s u r f a c e ) S ( g a s ) 
The f i r s t o f t h e s e i s t h e r a t e - c o n t r o l l i n g p r o c e s s , and 
g i v e s r i s e t o a l o w e r e v a p o r a t i o n r a t e t h a n t h a t c a l c u -
l a t e d from v a p o u r p r e s s u r e d a t a u s i n g t h e L a n g m u i r 
e q u a t i o n : 
-2 -k R = 5.83 x 10 P. (M.T) 2 
. . . - 2 - 1 where R i s t h e e v a p o r a t i o n r a t e i n m oles cm S , and 
P i s t h e s a t u r a t e d v a p o u r p r e s s u r e i n t o r r o f an 
e v a p o r a n t w i t h m o l e c u l a r w e i g h t M a t an a b s o l u t e 
t e m p e r a t u r e T. 
The e x p e r i m e n t a l v a l u e o f t h e e v a p o r a t i o n r a t e 
d i f f e r s from t h i s e q u i l i b r i u m v a l u e by a f a c t o r , a, t h e 
e v a p o r a t i o n c o e f f i c i e n t . 'a' h a s a v a l u e o f a b o u t 0.1 
f o r t h e (0001) f a c e o f CdS b u t v a r i e s w i t h t e m p e r a t u r e . 
The v a l u e s o f a f o r t h e o t h e r f a c e s o f CdS c r y s t a l s a r e 
u s u a l l y d i f f e r e n t , b u t S o m o r j a i and S t e m p l e (1964) 
s u g g e s t t h a t c r e v i c e s c a n form on some f a c e s t o e x p o s e 
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s m a l l c - f a c e t s . We s h a l l assume t h e same v a l u e o f a 
f o r a s o u r c e formed o f c r u s h e d f l o w - c r y s t a l s a s f o r a 
u n i f o r m c - f a c e . We s h a l l a l s o assume ( i ) t h a t t h e 
e v a p o r a t i o n o f CdS i s c o n g r u e n t , t h u s p r o v i d i n g t h e same 
numbers of cadmium and s u l p h u r atoms i n t h e v a p o u r a s 
i n t h e s o l i d , and ( i i ) t h a t no CdS m o l e c u l e s e x i s t i n 
t h e v a p o u r w i t h t h e s o u r c e t e m p e r a t u r e s e m p l o yed. 
F i g u r e 9.1 shows t h e t e m p e r a t u r e o f t h e l a r g e 
r e s i s t a n c e - h e a t e d c r u c i b l e u s e d f o r t h e p r e s e n t 
i n v e s t i g a t i o n a s a f u n c t i o n o f t h e c u r r e n t p a s s e d t h r o u g h 
t h e e l e m e n t . F o r t h e s e m easurements a N i C r / N i A l thermo-
c o u p l e was embedded i n t h e q u a r t z wool b a f f l e and t h e 
c r u c i b l e t e m p e r a t u r e was r a i s e d i n s t e p s o f a b o u t 25°C 
a l l o w i n g t h e t e m p e r a t u r e t o r e a c h e q u i l i b r i u m e a c h t i m e . 
The b a c k g r o u n d p r e s s u r e was 8 x 10 t o r r . The two 
d e p o s i t i o n r a t e s employed i n much o f t h i s work, i . e . 
2500 S/minute and 350-400 A / m i n u t e , were f o u n d t o be 
p r o d u c e d by c r u c i b l e mouth t e m p e r a t u r e s o f 725°-740°C 
o o 
and 675 -700 C r e s p e c t i v e l y . I n our c a l c u l a t i o n s we 
s h a l l u s e t h e two t e m p e r a t u r e s o f 680°C and 725°C. 
Making u s e o f t h e e v a p o r a t i o n r a t e o f a CdS 
c - f a c e d e t e r m i n e d by S o m o r j a i and S t e m p l e (1964) w h i c h 
i s r e p r o d u c e d i n F i g u r e 9.2, t h e e v a p o r a t i o n r a t e s from 
t h e c r u c i b l e u s e d i n t h e p r e s e n t work ( s u r f a c e a r e a 
2 
0.8 cm ) c a n be c a l c u l a t e d . The r e s u l t i s : 
3.52 x 10*" 7 m o l e s o f CdS s " 1 a t 680°C 
1.00 x 1 0 ~ 6 moles o f CdS s " 1 a t 725°C 
From t h e s e v a l u e s we c a n f i n d t h e i m p ingement r a t e s o f 
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CdS on a s m a l l s u b s t r a t e p o s i t i o n e d 10 cm d i r e c t l y above 
t h e s o u r c e . I t i s assumed t h a t t h e v a p o u r from t h e 
c r u c i b l e f o l l o w s a c o s i n e d i s t r i b u t i o n l a w . The q u a n t i t i e s 
o f v a p o u r s t r i k i n g t h e s u b s t r a t e a r e found t o be: 
-9 -2 -1 o 1.12 x 10 m o l e s cm S a t 680 C 
-9 -2 -1 o 3.18 x 10 m o l e s cm S a t 725 C 
( I t i s i n t e r e s t i n g t o compare t h e s e f i g u r e s w i t h t h e 
m e a s u r e d growth r a t e s o f 6 £/S and 42 A/S : i . e . 
-9 -2 -1 -8 -2 -1 2.00 x 10 m o l e s cm S and 1.39 x 10 moles cm S 
We s h a l l comment on t h e a p p a r e n t l y low impingement r a t e s 
c a l c u l a t e d from t h e s o u r c e t e m p e r a t u r e s a t t h e end o f 
t h i s s e c t i o n ) . 
The two impingement r a t e s f o r CdS c a n be u s e d t o 
o b t a i n t h e f l u x e s o f cadmium and s u l p h u r v a p o u r a t t h e 
s u b s t r a t e i f we remember t h e a s s u m p t i o n t h a t t h e e v a p o r a -
o 
t i o n i s c o n g r u e n t . However, below a b o u t 600 C a c o m p l i c a -
t i o n a r i s e s b e c a u s e t h e s t a b l e c o n f i g u r a t i o n o f s u l p h u r 
v a p o u r i s a s S m o l e c u l e s , w h i l s t a t h i g h e r t e m p e r a t u r e s 
8 
i t i s a s S m o l e c u l e s (Nesmayov, 1963 and D r o w a r t , 1 9 6 4 ) . 
T a k i n g t h i s i n t o a c c o u n t t h e f o l l o w i n g i m p i ngement r a t e s 
on t h e s u b s t r a t e were c a l c u l a t e d f o r t h e two s o u r c e 
t e m p e r a t u r e s c h o s e n ; 
g — 2 — 1 
a t 680°C 1.12 x 10 moles o f Cd cm S -9 -2 -1 1.12 x 10 moles o f S cm S 
5.60 x 10 1 0 m o l e s o f S cm 2 S ^ 
a t 725°C 3.18 x 10 9 moles o f Cd cm 2 S 1 
-9 -2 -1 3.18 x 10 moles of S cm S 
-9 -2 -1 1.59 x 10 moles o f S cm S 
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9.2.2 The s i g n i f i c a n c e o f t h e s u b s t r a t e t e m p e r a t u r e 
On r e a c h i n g t h e s u b s t r a t e t h e s e components may 
c o n d e n s e , b u t t h e i r s u b s e q u e n t b e h a v i o u r w i l l depend on 
th e s u b s t r a t e t e m p e r a t u r e . A t h i n f i l m w i l l grow 
i n i t i a l l y from n u c l e a t i o n c e n t r e s by a p r o c e s s w h i c h i s 
n o t w e l l u n d e r s t o o d , b u t i t i_s_ known t h a t f o r any 
p a r t i c u l a r s e t of c o n d i t i o n s t h e r e e x i s t s a c r i t i c a l 
t e m p e r a t u r e above w h i c h n u c l e a t i o n w i l l n o t o c c u r . I t 
seems l i k e l y t h a t f o r CdS, s i n c e t h e c r i t i c a l t e m p e r a t u r e s 
f o r n u c l e a t i o n o f cadmium and s u l p h u r a r e low, n u c l e a t i o n 
w i l l o c c u r a f t e r t h e r e c o m b i n a t i o n of t h e cadmium and 
s u l p h u r s u r f a c e s p e c i e s i n a s e r i e s o f r e a c t i o n s w h i c h 
a r e t h e r e v e r s e o f t h o s e f o r e v a p o r a t i o n . F i l m growth 
t h e n p r o c e e d s a t s u c h p r e f e r e n t i a l s i t e s as s t e p s and 
c o r n e r s i n t h e l a y e r . I t w i l l be a p p r e c i a t e d t h a t s i n c e 
t h e f o u r g i v e n r e a c t i o n s a r e r e v e r s i b l e , a s u b s t r a t e 
t e m p e r a t u r e e x i s t s above w h i c h no f i l m c a n grow, i . e . 
t h e c r i t i c a l t e m p e r a t u r e f o r CdS. 
We have a l r e a d y s a i d t h a t a t low t e m p e r a t u r e s t h e 
m o l e c u l a r form o f s u l p h u r i s S , and i t i s p r o b a b l e 
8 
t h e r e f o r e t h a t a c o m p e t i n g r e a c t i o n t o t h a t o f t h e 
f o r m a t i o n o f C d S ( s o l i d ) i s t h e f o r m a t i o n o f S ( s u r f a c e ) 
8 
from 8 S ( s u r f a c e ) . The S s u r f a c e s p e c i e s w i l l t h e n 
8 
e i t h e r c o n d e n s e f u l l y o r v a p o u r i s e a c c o r d i n g t o t h e 
s u b s t r a t e t e m p e r a t u r e . I f t h e r e - e v a p o r a t i o n r a t e o f 
s u l p h u r i s v e r y h i g h t h e n e x c e s s cadmium w i l l be l e f t 
on t h e s u b s t r a t e . E v e n t u a l l y w i t h f u r t h e r i n c r e a s e i n 
t h e s u b s t r a t e t e m p e r a t u r e , t h e e x c e s s cadmium w i l l a l s o 
p o s s e s s a h i g h r a t e o f r e - e v a p o r a t i o n and o n l y CdS w i l l 
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be d e p o s i t e d , u n t i l a t e m p e r a t u r e i s r e a c h e d beyond 
w h i c h no d e p o s i t c a n form on t h e s u b s t r a t e . 
T h i s d e s c r i p t i o n p r o v i d e s a q u a l i t a t i v e e x p l a n a t i o n 
o f t h e v a r y i n g p r o p e r t i e s o f t h e CdS f i l m p r o d u c e d u n d e r 
v a r i o u s g r o w t h c o n d i t i o n s . Thus w i t h any one e v a p o r a t i o n 
r a t e , a s t h e s u b s t r a t e t e m p e r a t u r e i s i n c r e a s e d o v e r a 
s e r i e s o f f i l m s t h e s e f i l m s w i l l have c o m p o s i t i o n s w h i c h 
v a r y g r a d u a l l y from one t o a n o t h e r . A t f i r s t t h e r e w i l l 
be b o t h e x c e s s cadmium and s u l p h u r , t h e n e x c e s s cadmium 
a l o n e , t h e n s t o i c h i o m e t r i c CdS w h i c h e v e n t u a l l y becomes 
i n c r e a s i n g l y d i f f i c u l t t o d e p o s i t . 
9.2.3 C o n d e n s a t i o n and r e - e v a p o r a t i o n 
I t i s now p r o p o s e d t o c a l c u l a t e t h e c o n d e n s a t i o n 
r a t e s o f cadmium, s u l p h u r , and cadmium s u l p h i d e f o r t h e 
two c h o s e n s o u r c e t e m p e r a t u r e s a s a f u n c t i o n o f t h e 
s u b s t r a t e t e m p e r a t u r e i n an a t t e m p t t o g a i n some i d e a 
o f t h e c r i t i c a l t e m p e r a t u r e v a l u e s . 
We s h a l l assume t h a t t h e c o n d e n s a t i o n c o e f f i c i e n t s 
o f Cd and a r e u n i t y a t a l l p r a c t i c a l s u b s t r a t e 
t e m p e r a t u r e s ( i . e . a l l t h e Cd and S^ v a p o u r i m p i n g i n g on 
t h e s u b s t r a t e s t i c k s a t l e a s t m o m e n t a r i l y , r e g a r d l e s s o f 
s u b s t r a t e t e m p e r a t u r e ) . T h i s o f c o u r s e g i v e s c o n d e n s a -
t i o n r a t e s f o r Cd and S 2 w h i c h a r e i d e n t i c a l t o t h e 
im p i n g e m e n t r a t e s . 
Some of t h e s u r f a c e cadmium and s u l p h u r t h e n 
c o m b ines t o form c a d m i u m ^ s u l p h i d e w h i l s t t h e r e m a i n d e r 
r e - e v a p o r a t e s . At t h e l o w e r s u b s t r a t e t e m p e r a t u r e s where 
s u l p h u r and cadmium c a n c o n d e n s e s e p a r a t e l y on t h e s u b -
s t r a t e , t h e r a t e o f f o r m a t i o n o f CdS i s d e t e r m i n e d by 
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t h e s t i c k i n g r a t e s o f cadmium and s u l p h u r , and 
p r i n c i p a l l y by t h e s t i c k i n g r a t e o f s i n c e s u l p h u r 
r e - e v a p o r a t e s ( a s S ) much more e a s i l y t h a n cadmium. 
8 
However a t t h e h i g h e r s u b s t r a t e t e m p e r a t u r e s n o r m a l l y 
employed (above 150°C) b o t h cadmium and s u l p h u r r e -
e v a p o r a t e from t h e s u b s t r a t e v e r y e a s i l y , and t h e r a t e 
o f f o r m a t i o n o f CdS i s t h e n d e t e r m i n e d by some d i f f e r e n t 
s t e p i n t h e p r o c e s s . T h i s w i l l be s i m i l a r t o t h e 
mechanism w h i c h c o n t r o l s t h e e v a p o r a t i o n o f CdS, and so 
we s h a l l s u p p o s e t h a t t h e mechanism of c o n d e n s a t i o n on 
t h e s u b s t r a t e i s t h e e x a c t o p p o s i t e o f e v a p o r a t i o n and 
u s e t h e p r o d u c t o f i m p i n g e m e n t r a t e o f CdS and e v a p o r a -
t i o n c o e f f i c i e n t o f CdS a s a good a p p r o x i m a t e t o t h e 
r a t e o f f o r m a t i o n ( c o n d e n s a t i o n ) o f CdS. The u s e o f a 
c o n d e n s a t i o n c o e f f i c i e n t ( i . e . i n t h i s c a s e t h e e v a p o r a -
t i o n c o e f f i c i e n t ) a l l o w s f o r t h e f a c t t h a t n o t a l l o f 
t h e Cd and forms CdS, b u t forms o t h e r p h a s e s o r r e -
e v a p o r a t e s a s w e l l . Thus t h e r a t e o f c o n d e n s a t i o n o f 
CdS w i l l be o b t a i n e d from t h e p r o d u c t o f t h e CdS i m p i n g e -
ment r a t e and t h e t e m p e r a t u r e d e p e n d e n t e v a p o r a t i o n 
c o e f f i c i e n t o f CdS g i v e n by S o m o r j a i ( 1 9 6 4 a ) and 
r e p r o d u c e d i n F i g u r e 9.4 
The n e x t s t e p i s t o c a l c u l a t e t h e r a t e o f r e -
e v a p o r a t i o n o f Cd, S , and CdS from t h e s u b s t r a t e . T h i s 
8 
w i l l be done f o r Cd and S^ by u s i n g t h e r e p o r t e d 
s a t u r a t e d v a p o u r p r e s s u r e (SVP) c u r v e s and e m p l o y i n g 
L a n g m u i r 1 s f o r m u l a w i t h an e v a p o r a t i o n c o e f f i c i e n t . 
The SVP o f Cd ( F i g u r e 9.5) i s t a k e n from t h e 
'Handbook o f P h y s i c s and C h e m i s t r y 1 ( 4 5 t h e d i t i o n ) 
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w h i c h g i v e s t h e f o l l o w i n g f o r m u l a . 
l o * l 0 P c a ( t o e r l = 8 - 5 6 4 -
The e v a p o r a t i o n c o e f f i c i e n t , a s f o r t h e c o n d e n s a t i o n 
c o e f f i c i e n t , i s t a k e n t o be u n i t y . 
The SVP o f S ( a l s o F i g u r e 9.5) i s from B r a d l e y 
(1951) who d e t e r m i n e d t h e f o l l o w i n g f o r m u l a , and a l s o 
o b t a i n e d a t e m p e r a t u r e i n d e p e n d e n t v a l u e o f 0.73 f o r 
t h e e v a p o r a t i o n c o e f f i c i e n t . 
5 240 
l o g 1 Q P s ( t o r r j = 9.763 -
8 
The c a l c u l a t e d e v a p o r a t i o n r a t e s o f Cd and S from 
8 
a h e a t e d s u b s t r a t e a r e g i v e n i n F i g u r e 9.6. 
The e v a p o r a t i o n r a t e o f CdS from t h e s u b s t r a t e i s 
t a k e n from t h e e x t r a p o l a t e d d a t a o f S o m o r j a i and S t e m p l e 
(19 6 4 ) and r e p r o d u c e d i n F i g u r e 9.3. 
The f i n a l s t a g e i n t h e s e c a l c u l a t i o n s i s t o f i n d 
t h e a c t u a l c o m p o s i t i o n o f a f i l m grown on a h e a t e d 
s u b s t r a t e f o r e a c h o f t h e two s e l e c t e d s o u r c e t e m p e r a t u r e s 
To do t h i s we s h a l l u s e t h e s t i c k i n g f a c t o r w h i c h we 
s h a l l d e f i n e as t h e r a t i o o f t h e e v a p o r a t i o n r a t e from 
t h e s u b s t r a t e t o t h e c o n d e n s a t i o n r a t e on t h e s u b s t r a t e . 
The v a l u e s o f t h i s f a c t o r f o r Cd, S, and CdS a r e g i v e n 
i n F i g u r e 9.7. F o r a l l v a l u e s l e s s t h a n u n i t y a d e p o s i t 
w i l l form, and f o r a l l v a l u e s g r e a t e r t h a n u n i t y no 
d e p o s i t f o r m s . 
o 
( no f r e e S i f s u b s t r a t e temp, above 20 C 
a t a s o u r c e ( 
o 
( no f r e e Cd i f s u b s t r a t e temp, above 106 C 
t e m p e r a t u r e o o o f 680 C: ( no d e p o s i t i f s u b s t r a t e temp, above 460 C 
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(no f r e e S i f s u b s t r a t e temp, above 28°C 
( 
(no f r e e Cd i f s u b s t r a t e temp, above 117 C 
( 
(no d e p o s i t i f s u b s t r a t e temp, above 490 C 
9.2.4 T h i n f i l m c o m p o s i t i o n 
The above c o n s i d e r a t i o n s show t h a t t h e r e i s a 
g r a d u a l change i n c o m p o s i t i o n o f a s e r i e s o f f i l m s 
p r e p a r e d o v e r a r a n g e o f s u b s t r a t e t e m p e r a t u r e s . T h i s 
e x p l a i n s t h e o b s e r v e d c h a n g e s i n c o l o u r a l r e a d y r e m a r k e d 
upon. At v e r y low s u b s t r a t e t e m p e r a t u r e s t h e e x c e s s 
cadmium w i l l g i v e t h e f i l m s a b l a c k a p p e a r a n c e u n l e s s a 
v e r y low d e p o s i t i o n r a t e i s employed ( i . e . low s o u r c e 
t e m p e r a t u r e ) , i n w h i c h c a s e i t i s p o s s i b l e t o grow a 
d a r k y e l l o w f i l m . 
T h o s e f i l m s c o n t a i n i n g e x c e s s cadmium w i l l a l s o 
p o s s e s s low r e s i s t i v i t i e s . At t h e commonly employed 
s u b s t r a t e t e m p e r a t u r e o f 220°C no f r e e s u l p h u r o r 
cadmium c a n n o r m a l l y e x i s t , t h u s s u c h f i l m s w i l l h ave 
h i g h r e s i s t i v i t i e s . I f v e r y h i g h e v a p o r a t i o n r a t e s a r e 
employed t h e n e x c e s s cadmium can once more be d e p o s i t e d 
and t h e f i l m s w i l l have low r e s i s t i v i t i e s . 
The c u r v e s i n F i g u r e 9.7 i n d i c a t e t h a t t h e change 
i n c o m p o s i t i o n t a k e s p l a c e g r a d u a l l y w i t h change i n 
s o u r c e t e m p e r a t u r e , b u t more r a p i d l y w i t h change i n 
s u b s t r a t e t e m p e r a t u r e . 
The f i n a l c o n c l u s i o n from t h i s t h e o r e t i c a l s t u d y 
i s t h a t a t t h e two s e l e c t e d s o u r c e t e m p e r a t u r e s no 
d e p o s i t a t a l l forms i f t h e s u b s t r a t e t e m p e r a t u r e i s 
above a b o u t 460°C, and t h a t i t becomes i n c r e a s i n g l y 
a t a s o u r c e 
t e m p e r a t u r e 
o f 725°C 
- 140 -
d i f f i c u l t t o form any d e p o s i t on a s u b s t r a t e a t 
t e m p e r a t u r e s above 400°C. T h e s e s u b s t r a t e t e m p e r a t u r e s 
a r e h i g h e r t h a n t h o s e o b s e r v e d e x p e r i m e n t a l l y , f o r no 
d e p o s i t formed above 380 ° c . C l e a r l y a c l o s e r i n v e s t i g a -
t i o n i s r e q u i r e d o f t h e v a l i d i t y o f t h e a s s u m p t i o n s 
u s e d i n t h e t h e o r y . 
9.2.5 T h e o r e t i c a l A s s u m p t i o n s 
I t i s o b v i o u s t h a t t h e p r o c e s s e s o f e v a p o r a t i o n 
and c o n d e n s a t i o n a r e n o t e x a c t l y t h e i n v e r s e o f e a c h 
o t h e r . I n e v a p o r a t i o n a l l t h e atoms a r e i n i t i a l l y 
bound t o t h e s u r f a c e w h e r e a s i n c o n d e n s a t i o n an atom 
may r e - e v a p o r a t e b e f o r e i t c a n become bound. T h i s 
w i l l l e a d t o a maximum s u b s t r a t e t e m p e r a t u r e f o r f i l m 
f o r m a t i o n w h i c h i s l o w e r t h a n h a s been c a l c u l a t e d , i n 
a g r e e m e n t w i t h our o b s e r v a t i o n s and t h e e v a p o r a t i o n 
and c o n d e n s a t i o n c o e f f i c i e n t s o f CdS w i l l n o t be 
i d e n t i c a l . 
I t h a s a l s o been shown ( S o m o r j a i , 1964b) t h a t 
i l l u m i n a t i o n o f CdS d u r i n g h e a t i n g c a n d e c r e a s e t h e 
e v a p o r a t i o n r a t e , w h i c h w o uld a g a i n l o w e r t h e maximum 
s u b s t r a t e t e m p e r a t u r e . 
I t h a s been assumed t h a t t h e e v a p o r a t i o n c o -
e f f i c i e n t , a , f o r a CdS m i c r o c r y s t a l l i n e s o u r c e i s 
t h e same a s f o r a s i n g l e CdS c - f a c e , b u t t h i s may n o t 
be t r u e . An i n c r e a s e d v a l u e o f ' a 1 would i m p l y 
h i g h e r i m p i n g e m e n t r a t e s , w h i c h w o u l d l e a d t o b e t t e r 
a g r e e m e n t between c a l c u l a t e d and m e a s u r e d growth 
r a t e s . ( A l t h o u g h H s a i o and S c h l e c h t e n , 1952, u s i n g 
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a CdS powder s o u r c e o b t a i n e d l o w e r v a l u e s f o r t h e 
SVP t h a n S o m o r j a i d i d u s i n g s i n g l e c r y s t a l s , o u r 
s o u r c e was composed of c r u s h e d f l o w c r y s t a l s w h i c h a r e 
more l i k e S o m o r j a i ' s s a m p l e s t h a n a p o w d e r ) . 
The c o n d e n s a t i o n and e v a p o r a t i o n c o e f f i c i e n t s 
o f cadmium were t a k e n t o be u n i t y , w h i c h i s a 
r e a s o n a b l e a s s u m p t i o n f o r a m e t a l . The c o n d e n s a t i o n 
c o e f f i c i e n t o f was t a k e n t o be u n i t y s i n c e t h i s 
m o l e c u l e a l s o h a s a low vapour p r e s s u r e a t t h e s u b -
s t r a t e t e m p e r a t u r e s u s e d . ( I t was t h e s p e c i e s S w h i c h 
o 
e v a p o r a t e d f rom t h e s u b s t r a t e , and t h i s m o l e c u l e has 
a h i g h e r v a p o u r p r e s s u r e t h a n S ) . 
F u r t h e r s o u r c e s o f e r r o r a r i s e i n e s t i m a t i n g 
( a ) t h e e f f e c t i v e a r e a of t h e c r u c i b l e , w h i c h may d i f f e r 
f r o m i t s p h y s i c a l a p e r t u r e , and (b) t h e e f f e c t i v e 
s u r f a c e t e m p e r a t u r e . 
The d e g r e e o f d i s s o c i a t i o n o f CdS was assumed 
t o be 100%, b u t t h i s may n o t be t r u e , i n w h i c h c a s e t h e 
c a l c u l a t e d i mpingement r a t e s o f Cd, S^, and CdS would 
be d i f f e r e n t . C a v e n e y (1 9 7 0 ) h a s d i s c u s s e d t h e work 
r e p o r t e d by e a r l i e r i n v e s t i g a t o r s on t h e SVP and d e g r e e 
o f d i s s o c i a t i o n o f CdS. G o l d f i n g e r and Jeunehomme 
(196 3 ) u s i n g mass s p e c t r o s c o p i c t e c h n i q u e s c o n c l u d e d 
t h a t c o m p l e t e d i s s o c i a t i o n o c c u r r e d , b u t Caveney ( 1 9 7 0 ) , 
and S e n - G u p t a ( 1 9 3 4 ) , s u g g e s t from r e s u l t s o b t a i n e d by 
a t o m i c a b s o r p t i o n t h a t CdS v a p o u r c o n t a i n s a m e a s u r a b l e 
o 
number o f u n d i s s o c i a t e d m o l e c u l e s a t 750 C. I n 
a d d i t i o n C a veney s u g g e s t s t h a t CdS c r y s t a l s grow from 
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t h e s e CdS m o l e c u l e s and n o t v i a t h e r e c o m b i n a t i o n o f 
Cd and . I f h i s c o n c l u s i o n s a r e c o r r e c t t h e n t h e 
g rowth mechanism o f CdS t h i n f i l m s may n o t be t h a t 
s u g g e s t e d i n o u r c a l c u l a t i o n s , b u t t h e q u a l i t a t i v e 
a g r e e m e n t b e t w e e n o u r t h e o r e t i c a l and e x p e r i m e n t a l 
r e s u l t s s t r o n g l y s u p p o r t s t h e e x i s t e n c e o f a r e c o m b i n a -
t i o n r e a c t i o n between cadmium and s u l p h u r i n t h e 
vacuum chamber a p p a r a t u s . 
The a c t u a l v a p o u r p r e s s u r e s o f cadmium, s u l p h u r 
and cadmium s u l p h i d e above t h e s u b s t r a t e i n our 
e x p e r i m e n t a l a r r a n g e m e n t w i l l d i f f e r from t h o s e 
c a l c u l a t e d owing t o t h e p r e s e n c e o f t h e h o t - w a l l 
c y l i n d e r . T h i s h a s t h e e f f e c t o f t r a p p i n g S m o l e c u l e s 
8 
c l o s e t o t h e s u b s t r a t e t h u s e n s u r i n g t h a t s u l p h u r i s 
n o t l o s t r a p i d l y from t h e s u b s t r a t e by c o n d e n s a t i o n on 
t h e c o l d s u r f a c e s of t h e a p p a r a t u s . The r e s u l t i s to 
p r o d u c e a s t o i c h i o m e t r i c CdS f i l m o v e r a l a r g e r r a n g e 
of s u b s t r a t e t e m p e r a t u r e s t h a n would o t h e r w i s e be 
p o s s i b l e . 
9.2.6 C o n c l u s i o n s 
D e s p i t e t h e a c k n o w l e d g e d s o u r c e s o f e r r o r , t h e 
t h e o r e t i c a l c o n c l u s i o n s p r o v i d e e x p l a n a t i o n s f o r 
s e v e r a l o f t h e e x p e r i m e n t a l o b s e r v a t i o n s d e s c r i b e d i n 
C h a p t e r 6 and i n t h e a p p e n d i x . The dominance o f t h e 
s u b s t r a t e t e m p e r a t u r e o v e r t h e e v a p o r a t i o n r a t e i n 
d e t e r m i n i n g t h e p r o p e r t i e s o f CdS f i l m s i s t o be 
e x p e c t e d from t h e t h e o r y s i n c e i t i s p r i m a r i l y t h i s 
t e m p e r a t u r e w h i c h c o n t r o l s t h e f i l m c o m p o s i t i o n . The 
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change i n s o u r c e t e m p e r a t u r e r e q u i r e d to p r o d u c e a 
t e n - f o l d i n c r e a s e i n d e p o s i t i o n r a t e i s o n l y a b o u t 
40°C w h i c h d o e s n o t have a g r e a t e f f e c t on t h e s t i c k i n g 
c o e f f i c i e n t s o f t h e components, as t h e c u r v e s i n 
F i g u r e 9.7 show. 
A c c o r d i n g t o t h e t h e o r e t i c a l argument some change 
i n t h e f i l m p r o p e r t i e s m i g h t be e x p e c t e d a s t h e s u b -
s t r a t e t e m p e r a t u r e was i n c r e a s e d beyond 120°C b e c a u s e 
above t h i s t e m p e r a t u r e o n l y s t o i c h i o m e t r i c CdS i s 
d e p o s i t e d , w h e r e a s below t h i s t e m p e r a t u r e e x c e s s Cd 
e x i s t s i n t h e f i l m . T h i s s h o u l d l e a d t o i n c r e a s i n g 
r e s i s t i v i t y w i t h i n c r e a s i n g s u b s t r a t e t e m p e r a t u r e , a s 
was o b s e r v e d from t h e f i l m s d e p o s i t e d more r a p i d l y . 
The f i l m s grown a t 20o8/minute e x h i b i t e d t h e 
o p p o s i t e e f f e c t of r e s i s t i v i t y d e c r e a s i n g w i t h s u b -
s t r a t e t e m p e r a t u r e , w h i c h c a n n o t be e x p l a i n e d by t h e 
t h e o r y . I t i s a l s o d i f f i c u l t t o s u g g e s t why t h e 
r e s i s t i v i t y i n c r e a s e d as t h e r a t e was i n c r e a s e d 
( s e e S e c t i o n 9.3.1). 
I n t h e c a s e o f t h e CdSe t h i n f i l m s , t h e group 
V I b component of t h e compound i s more m e t a l l i c t h a n 
i n CdS, so t h a t t h e SVP's of t h e two components a r e 
more n e a r l y e q u a l . T h i s g i v e s r i s e t o a much s m a l l e r 
d e p e n d e n c e , on t h e s u b s t r a t e t e m p e r a t u r e t h a n h a s been 
f o u n d w i t h CdS, and a s t o i c h i o m e t r i c f i l m o f CdSe 
s h o u l d be e a s i e r t o grow on a s u b s t r a t e h e l d n e a r room 
t e m p e r a t u r e . Hence t h e d o m i n a n t growth p a r a m e t e r f o r 
CdSe i s n o t t h e s u b s t r a t e t e m p e r a t u r e b u t i s t h e 
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e v a p o r a t i o n r a t e , a l t h o u g h n e i t h e r of t h e s e would be 
e x p e c t e d t o have s u c h a g r e a t e f f e c t on t h e p r o p e r t i e s 
o f CdSe l a y e r s a s on t h e p r o p e r t i e s o f CdS l a y e r s . 
The o b s e r v e d s m a l l i n c r e a s e s o f r e s i s t i v i t y w i t h 
i n c r e a s e i n s u b s t r a t e t e m p e r a t u r e or d e c r e a s e i n r a t e 
a g r e e w i t h t h e c o n c l u s i o n s o f t h e t h e o r y : b o t h c h a n g e s 
would r e s u l t i n s l i g h t l y l e s s e x c e s s Cd b e i n g i n c o r p o r a t e d 
i n t o t h e d e p o s i t and c o n s e q u e n t l y t h e r e s i s t i v i t y 
would i n c r e a s e . A t h e o r e t i c a l d i s c u s s i o n o f t h e e v a p o r a -
t i o n and c o n d e n s a t i o n o f CdSe i s g i v e n by G u n t h e r i n 
A n d e r s o n ( 1 9 6 6 ) . 
9.3 TRANSPORT PROPERTIES 
9.3.1 F i l m t h i c k n e s s e f f e c t s 
We now t u r n t o a d i s c u s s i o n o f t h e e l e c t r i c a l 
p r o p e r t i e s of t h e t h i n f i l m s d e s c r i b e d i n C h a p t e r 6 
and i n t h e A p p e n d i x . L e t us f i r s t e xamine t h e c h a n g e s 
i n r e s i s t i v i t y and H a l l m o b i l i t y w i t h f i l m t h i c k n e s s . 
We h a v e a l r e a d y s e e n t h a t t h e v a r i a t i o n o f 
m o b i l i t y w i t h t h i c k n e s s ( F i g u r e 6.9) i s i n s u f f i c i e n t 
t o e x p l a i n t h e d e c r e a s i n g r e s i s t i v i t y w i t h i n c r e a s i n g 
t h i c k n e s s ( F i g u r e 6 . 7 ) , w h i c h i s i n f a c t due t o t h e 
change i n c a r r i e r d e n s i t y w i t h t h i c k n e s s ( F i g u r e 6 . 1 0 ) . 
T h i s i s c o n t r a r y t o c e r t a i n o t h e r r e p o r t s o f a s i m i l a r 
phenomenon, where i t was p o s s i b l e t o i n v o k e an e x p l a n a -
t i o n i n v o l v i n g m o b i l i t y c h a n g e s a l o n e . F o r i n s t a n c e , 
B e r g e r e t a l ( 1 9 6 9 ) showed t h a t t h e change o f r e s i s t i v i t y 
w i t h t h i c k n e s s i n t h e i r CdSe f i l m s was a t t r i b u t a b l e 
s o l e l y t o an i n c r e a s e i n t h e s i z e o f t h e m i c r o c r y s t a l l i t e s 
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a s t h e f i l m i n c r e a s e d i n t h i c k n e s s . The e f f e c t was 
m a n i f e s t l y a m o b i l i t y v a r i a t i o n . I n t h e p r e s e n t work, 
not o n l y d i d t h e c r y s t a l l i t e s i z e change too s l o w l y 
w i t h t h i c k n e s s ( F i g u r e 5 . 3 ) , b u t i t a l s o c o n t i n u e d t o 
i n c r e a s e a t t h e same r a t e when t h e m o b i l i t y was c o n s t a n t . 
To e x p l a i n our r e s u l t s we have s u c c e s s f u l l y u s e d a 
s u r f a c e s c a t t e r i n g model i n c o n t r a s t w i t h B e r g e r e t a l 
( 1 9 6 8 ) who s t a t e d t h a t s u c h a model was i n v a l i d and 
u n n e c e s s a r y b e c a u s e t h e c h a n g e s i n c r y s t a l l i t e s i z e 
were s u f f i c i e n t t o a c c o u n t f o r t h e c h a n g e s i n r e s i s t i v i t y . 
V e r g u n a s e t a l (1966) s u g g e s t e d t h a t t h e 
r e s i s t i v i t y o f t h e i r CdS f i l m s was d e c r e a s i n g w i t h 
t h i c k n e s s b e c a u s e o f t h e i n c r e a s i n g f i b r e a x i s o r i e n t a -
t i o n o f t h e f i l m s . T h i s a g a i n would a f f e c t t h e m o b i l i t y 
and n o t t h e c a r r i e r d e n s i t y . However i n our f i l m s t h e 
p r e f e r e n t i a l o r i e n t a t i o n does n o t a p p e a r t o change o v e r 
a wide enough r a n g e o f t h i c k n e s s t o a c c o u n t f u l l y f o r 
t h e r e s u l t s . 
The o t h e r p o s s i b l e c a u s e s o f a r e s i s t i v i t y w h i c h 
d e c r e a s e s w i t h t h i c k n e s s r e l y on a change i n t h e f i l m 
c o m p o s i t i o n a s i t i s g r o w i n g , a l t h o u g h a f u r t h e r 
s u g g e s t i o n i s t h a t a d e p l e t i o n l a y e r forms between t h e 
CdS and t h e s u b s t r a t e . T h i s l a s t p o s s i b i l i t y c a n be 
e l i m i n a t e d s i n c e s u c h a l a y e r would n o t be e x p e c t e d 
t o e x t e n d i t s i n f l u e n c e o v e r s e v e r a l m i c r o n s . 
The g r o w i n g f i l m may change i t s c o m p o s i t i o n by 
one o f s e v e r a l methods: 
( a ) t h e cadmium e x c e s s may i n c r e a s e s l o w l y 
d u r i n g t h e e v a p o r a t i o n ; 
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(b) t h e i m p u r i t y c o n t e n t ( e . g . m e t a l f i l a m e n t 
c o n t a m i n a t i o n o r s o u r c e i m p u r i t i e s ) o f t h e l a y e r s may 
i n c r e a s e a s t h e e v a p o r a t i o n p r o c e e d s ; 
( c ) a g e t t e r i n g p r o c e s s may t a k e p l a c e . 
I t i s n o t v e r y l i k e l y t h a t any g e t t e r i n g e f f e c t 
o c c u r r e d w h i l e t h e CdS f i l m s were g r o w i n g s i n c e t h e 
p r e s s u r e was n e v e r o b s e r v e d t o f a l l d u r i n g t h e e v a p o r a -
t i o n p r o c e s s , a l t h o u g h any s u c h f a l l m i g h t have been 
masked by s o u r c e o u t g a s s i n g . However oxygen has t h e 
o p p o s i t e e f f e c t t o t h a t r e q u i r e d s i n c e i t i s known t o 
i n c r e a s e t h e r e s i s t i v i t y o f CdS o r CdSe c r y s t a l s and 
f i l m s ( s e e S e c t i o n A . 3 . 4 ) . 
On t h e o t h e r hand i t i s i n our o p i n i o n e n t i r e l y 
p o s s i b l e t h a t t h e cadmium c o n t e n t o f t h e f i l m s i n c r e a s e s 
d u r i n g t h e e v a p o r a t i o n . CdS i s commonly b e l i e v e d t o 
e v a p o r a t e c o n g r u e n t l y , t h a t i s , t h e v a p o u r has t h e same 
c o m p o s i t i o n a s t h e s o u r c e , and t h e r e i s no r e a s o n t o 
oppose t h i s v i e w . I t i s s t i l l p o s s i b l e to o b t a i n a 
CdS v a p o u r w h i c h c h a n g e s c o m p o s i t i o n w i t h t i m e i f t h e 
s o u r c e i t s e l f c h a n g e s c o m p o s i t i o n w i t h t i m e . To 
e x p l a i n t h e o b s e r v e d e f f e c t i t would t h e r e f o r e be 
n e c e s s a r y f o r t h e s o u r c e t o become more Cd r i c h w i t h 
t i m e . 
S o m o r j a i and J e p s e n (1964) have shown t h a t a 
s o u r c e r i c h i n Cd or S has a d i f f e r e n t e v a p o r a t i o n 
r a t e from a s t o i c h i o m e t r i c s o u r c e , b u t t h a t t h e e v a p o r a -
t i o n r e m a i n s c o n g r u e n t . (The same a u t h o r s h a v e a l s o 
shown t h a t t h e p r e s e n c e o f d o p a n t s d e p r e s s e s t h e 
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e v a p o r a t i o n r a t e i n a s i m i l a r manner, by a f f e c t i n g t h e 
o u t w a r d d i f f u s i o n o f S v a c a n c i e s ) . 
Now, t h e s o l i d e q u i l i b r i u m a r e a o f t h e CdS 
c o m p o s i t i o n v e r s u s t e m p e r a t u r e d i a g r a m i s of t h e s h a p e 
shown i n F i g u r e 9.8 ( S h i o z a w a e t a l , 1 9 6 8 ) . The P . 
mm 
l o c u s shows t h e c o m p o s i t i o n w h i c h h a s t h e l o w e s t v a p o u r 
p r e s s u r e a t e a c h t e m p e r a t u r e . The p a r t i a l p r e s s u r e s 
o f cadmium and s u l p h u r a r e r e l a t e d by t h e e q u i l i b r i u m 
c o n s t a n t o f t h e r e a c t i o n : 
2CdS ( s o l i d ) ^ 2 C d ( g a S ) + S 2 ( 9 a S ) 
as f o l l o w s : 
k " P c d • p s 9 ' w h e r e p = p c d + P s , 
The l o w e s t t o t a l p r e s s u r e , P . , i s o b t a i n e d when: 
min 
3P 9P 
cd s 2 
(See f o r example t h e a r t i c l e by L o r e n z i n Thomas, 1 9 6 7 ) . 
o 
T h i s means t h a t a s o u r c e h e a t e d t o 700 C w i l l t e n d 
t o w a r d s p o i n t A i n c o m p o s i t i o n , i . e . i t w i l l become 
C d - r i c h . The time t a k e n t o a c h i e v e t h i s c o n d i t i o n i s 
t h e c r u x o f t h e p r o b l e m . I f i t t a k e s many m i n u t e s t h e n 
t h e s o u r c e w i l l o n l y r e a c h a s t a b l e c o m p o s i t i o n t o w a r d s 
t h e end o f t h e e v a p o r a t i o n . I f t h e change i s more 
r a p i d t h e n t h e s w i n g t o w a r d s t h e c a d m i u m - r i c h CdS w i l l be 
c o m p l e t e d d u r i n g o u t g a s s i n g . 
F u r t h e r c o n s i d e r a t i o n o f t h e p h a s e d i a g r a m shows 
t h a t when v a p o u r from p o i n t A, s a y , s t r i k e s t h e s u b s t r a t e 
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i t i s c o o l e d t o t h e t e m p e r a t u r e r e p r e s e n t e d by p o i n t B. 
T h e r e w i l l t h e n be more cadmium t h a n c a n e x i s t i n t h e 
CdS w i t h s u l p h u r - v a c a n c y c o m p e n s a t i o n so t h a t i t must 
form a s e c o n d p h a s e o r r e - e v a p o r a t e . 
F i n a l l y t h e r e r e m a i n s t h e p o s s i b i l i t y t h a t 
i m p u r i t i e s a f f e c t t h e c o n d u c t i v i t y o f t h e f i l m s ('b 1 
a b o v e ) . The s o u r c e would be e x p e c t e d t o undergo a 
d i s t i l l a t i o n p r o c e s s d u r i n g h e a t i n g i f i t c o n t a i n e d 
s i g n i f i c a n t p r o p o r t i o n s o f i m p u r i t y ( w h e t h e r added 
i n t e n t i o n a l l y o r o t h e r w i s e ) , and i t h a s a l r e a d y been 
s u g g e s t e d t h a t t h e v o l a t i l e compounds c o n t a i n i n g C l a r e 
d r i v e n o f f f i r s t when t h e y a r e p r e s e n t , g i v i n g r i s e i n 
some c a s e s to poo r f i l m a d h e s i o n ( s e e S e c t i o n 5 . 2 . 1 ) . 
However t h i s would mean t h a t on p r o l o n g e d h e a t i n g t h e 
s o u r c e would become i n c r e a s i n g l y more p u r e a n d t h i c k e r 
f i l m s s h o u l d become b e t t e r w i t h h i g h e r r e s i s t i v i t i e s . 
A l t e r n a t i v e l y t h e s o u r c e f i l a m e n t m i g h t g i v e o f f more 
m e t a l v a p o u r as t h e e v a p o r a t i o n p r o c e e d s . (The 
t e m p e r a t u r e s a t w h i c h Mo, Ta , and W have v a p o u r p r e s s u r e s 
of l O ^ t o r r a r e 1923°C, 2407°C, and 2554°C, from t h e 
'Handbook o f P h y s i c s and C h e m i s t r y ' 4 5 t h e d i t i o n ) . T h i s 
p r o b l e m h a s n o t been t h o r o u g h l y i n v e s t i g a t e d d u r i n g t h e 
c o u r s e o f t h i s work, b u t i t s h o u l d be n o t e d t h a t t h e 
f i l m s p r e p a r e d by e l e c t r o n beam e v a p o r a t i o n had h i g h e r 
r e s i s t i v i t i e s t h a n t h e e q u i v a l e n t f i l m s p r e p a r e d from t h e 
r e s i s t a n c e - h e a t e d s o u r c e ( s e e S e c t i o n 6 . 5 . 4 ) . 
I t a p p e a r s t h a t b o t h c h a n g e s i n s t o i c h i o m e t r y 
and i n c o r p o r a t i o n o f i m p u r i t i e s a r e e q u a l l y l i k e l y c a u s e s 
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o f t h e o b s e r v e d d e c r e a s e i n r e s i s t i v i t y w i t h f i l m 
t h i c k n e s s . E i t h e r t h e cadmium c o n t e n t o f t h e f i l m s 
i n c r e a s e s as t h e y grow, o r t h e c o n t a m i n a t i o n from t h e 
s o u r c e f i l a m e n t i n c r e a s e s w i t h t h e time t a k e n t o grow t h e 
f i l m s . P e r h a p s b o t h e f f e c t s o c c u r , b u t t h e e x p e r i m e n t a l 
e v i d e n c e r e p o r t e d i n C h a p t e r 6 s u p p o r t s t h e v i e w t h a t 
t h e cadmium c o n t e n t c h a n g e s as t h e f i l m s grow t h i c k e r . 
F i g u r e 6.7 shows t h a t t h e f i l m s grown more r a p i d l y have 
h i g h e r r e s i s t i v i t i e s t h a n t h o s e grown more s l o w l y w i t h 
t h e same t h i c k n e s s . I f t h e shape o f t h e c u r v e s i n 
F i g u r e 6.7 was due t o i m p u r i t i e s from t h e h e a t e r - h e l i x 
b e i n g i n c o r p o r a t e d i n t o t h e f i l m s , t h e n t h e h i g h e r 
t e m p e r a t u r e e v a p o r a n t would be e x p e c t e d t o p r o v i d e more 
i m p u r i t i e s and h e n c e a l o w e r r e s i s t i v i t y . T h i s i s t h e 
e x a c t o p p o s i t e o f what i s o b s e r v e d . 
9.3.2 P h o t o s e n s i t i v i t y 
The s o u r c e o f t h e p h o t o s e n s i t i v i t y o b s e r v e d i n 
a l l o f t h e f i l m s i s t h e n e x t p r o b l e m t o be d i s c u s s e d . 
The c u r v e s o f F i g u r e 6.11 show t h a t CdS f i l m s w i t h a 
2 
d a r k r e s i s t i v i t y o f a r o u n d 10 ohm cm ( i . e . c a r r i e r 
16 — 3 
d e n s i t i e s o f 10 cm ) had p h o t o s e n s i t i v i t i e s o f 
a p p r o x i m a t e l y 2. S i n c e i l l u m i n a t i o n o f t h e f i l m s 
p r o d u c e d no n o t i c e a b l e e f f e c t on t h e H a l l m o b i l i t y , 
t h i s c h a n g e i n r e s i s t i v i t y must be m a i n l y due t o a change 
i n c a r r i e r d e n s i t y . I f t h e p h o t o s e n s i t i v i t y i s s o l e l y 
t h e r e s u l t o f p h o t o - c r e a t e d e l e c t r o n - h o l e p a i r s , t h e n 
we h a v e t h e f o l l o w i n g e x p r e s s i o n : 
An + n e e P h o t o s e n s i t i v i t y = e 
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T h i s i m p l i e s t h a t f o r f i l m s w i t h t h e p a r a m e t e r s g i v e n 
.. 16 -3 a b o ve. An i s 10 cm e 
The a v e r a g e e n e r g y p e r p h o t o n f o r t h e s p e c t r a l 
d i s t r i b u t i o n o f t h e lamp was 1.48eV ( A l t m a n , 1 9 6 9 ) . 
-2 
S i n c e t h e t o t a l e n e r g y from t h e lamp was 75mW cm t h i s 
17 -2 -1 
gave a p h o t o n f l u x o f 10 cm S i n c i d e n t on t h e f i l m . 
O n l y a f r a c t i o n of t h e s e p h o t o n s had e n e r g i e s g r e a t e r 
t h a n 2.4eV, and h e n c e t h e u s e f u l p hoton f l u x was a b o u t 
16 — 2 -1 
10 cm S . I f we assume t h a t t h e quantum e f f i c i e n c y 
was 100%, t h a t i s , e a c h photon c r e a t e d one e l e c t r o n -
h o l e p a i r , t h e n 10^^ e l e c t r o n s were c r e a t e d p e r s e c o n d 
2 
i n t h e f i l m s b e c a u s e t h e s u r f a c e a r e a was 1cm a T h i s 
may be w r i t t e n a s 2 x 10^°cm ^S * f o r a 500o8 t h i c k 
f i l m . S i n c e t h e number o f p h o t o - c r e a t e d c a r r i e r s 
p r e s e n t i s g i v e n by t h e p r o d u c t o f t h e g e n e r a t i o n r a t e 
and t h e c a r r i e r l i f e - t i m e t o a f i r s t a p p r o x i m a t i o n , t h e 
c a r r i e r s a r e d e d u c e d t o have a l i f e - t i m e o f 50 m i c r o -
s e c o n d s . T h i s i s a r e a s o n a b l e v a l u e f o r t h i s p a r a m e t e r 
and h e n c e i t i s p o s s i b l e f o r t h e p h o t o s e n s i t i v i t y i n 
t h e t h i n f i l m s t o be s o l e l y due t o p h o t o - c r e a t e d 
c a r r i e r s . E s p e v i k e t a l (1971) have come t o a s i m i l a r 
c o n c l u s i o n f o r PbS p o l y c r y s t a l l i n e l a y e r s and have 
f o u n d t h a t o n l y a s m a l l p r o p o r t i o n o f t h e p h o t o s e n s i t i v i t y 
o f t h e s e l a y e r s i s due t o a change i n t h e c a r r i e r 
m o b i l i t y . 
9.3.3 L a r g e H a l l M o b i l i t i e s 
I f , a s h a s been s u g g e s t e d i n S e c t i o n 9.3.1, 
i t i s p o s s i b l e f o r e x c e s s cadmium t o f orm a s e c o n d p h a s e 
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t h e n t h i s m e t a l may p r e c i p i t a t e p r e f e r e n t i a l l y a t the 
g r a i n b o u n d a r i e s . S i m i l a r l y , C d S : I n f i l m s may a l s o have 
g r a i n b o u n d a r i e s w h i c h a r e r i c h i n i n d i u m i f t h i s c a n n o t 
be t a k e n up i n t h e CdS l a t t i c e . B o t h i n d i u m - d o p e d f i l m s 
( S e c t i o n 6.5.6) and, t o a l e s s e r e x t e n t , undoped f i l m s 
grown a t low s u b s t r a t e t e m p e r a t u r e s ( S e c t i o n 6.5.5) have 
h i g h e r H a l l m o b i l i t i e s t h a n undoped CdS f i l m s grown on 
s u b s t r a t e s a t 200°C o r more. 
I f t h e e f f e c t o f t h i s m e t a l c o n c e n t r a t e d a r o u n d 
t h e c r y s t a l l i t e b o u n d a r i e s i s to r e d u c e t h e h e i g h t of 
t h e p o t e n t i a l b a r r i e r s between t h e c r y s t a l l i t e s , t h e n 
from t h e P e t r i t z f o r m u l a f o r t h e m o b i l i t y ( S e c t i o n 6.4.3) 
t h e b a r r i e r h e i g h t would need t o be r e d u c e d from 
2 -1 -1 
0.098eV t o 0.058eV t o o b t a i n a m o b i l i t y o f 20cm v S , 
w h i c h i s t y p i c a l o f our C d S : I n f i l m s , and t o be r e d u c e d 
p r o p o r t i o n a t e l y l e s s f o r undoped f i l m s d e p o s i t e d a t low 
s u b s t r a t e t e m p e r a t u r e s . 
I n o r d e r t o o b t a i n t h e same i n c r e a s e s by 
r e d u c i n g t h e i m p u r i t y s c a t t e r i n g i n t h e c r y s t a l l i t e s , 
t h e m o b i l i t y i n t h e c r y s t a l l i t e s would have t o be i n c r e a s e d 
2 - 1 - 1 
f i v e t i m e s ( i . e . from 200 to 1000 cm V S ) f o r t h e 
C d S : I n l a y e r s . T h i s m o b i l i t y i s f a r t o o h i g h f o r CdS 
a t room t e m p e r a t u r e , and so any mechanism whereby t h e 
m e t a l d o p a n t ( i . e . i n d i u m ) removes i m p u r i t i e s from t h e 
c r y s t a l l i t e s must be r e j e c t e d . 
9.4 SUMMARY 
A model h a s been p r o p o s e d w h i c h d e s c r i b e s t h e 
c o m p o s i t i o n o f t h i n f i l m s o f CdS ( a n d CdSe) a s a f u n c t i o n 
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o f t h e i r p r e p a r a t i v e c o n d i t i o n s . T h i s model p r o v i d e s 
s e m i - q u a n t i t a t i v e e x p l a n a t i o n s f o r many o f t h e f e a t u r e s 
o b s e r v e d d u r i n g sample p r e p a r a t i o n and d u r i n g t h e 
s u b s e q u e n t i n v e s t i g a t i o n o f t h e e l e c t r i c a l r e s i s t i v i t y . 
I t i s s u g g e s t e d t h a t t h e change o f r e s i s t i v i t y 
w i t h f i l m t h i c k n e s s i s due e i t h e r t o i n c r e a s i n g m e t a l 
c o n t a m i n a t i o n from t h e c r u c i b l e h e a t i n g e l e m e n t , o r more 
p r o b a b l y to an i n c r e a s e i n t h e cadmium c o n t e n t o f t h e 
s a m p l e s as t h e e v a p o r a t i o n p r o c e e d s . We s t r o n g l y s u p p o r t 
t h e t h e o r y o f i n c r e a s i n g cadmium p e r c e n t a g e a s t h e f i l m s 
grow. 
The a n o m a l o u s l y h i g h H a l l m o b i l i t y o f C d S : I n 
f i l m s and t h e h i g h m o b i l i t y o f undoped CdS f i l m s grown 
on c o o l s u b s t r a t e s i s p r o b a b l y due t o a r e d u c t i o n i n t h e 
h e i g h t o f t h e i n t e r c r y s t a l l i t e p o t e n t i a l b a r r i e r s , 
p o s s i b l y by l o c a l e x c e s s o f m e t a l . The e f f e c t o f e x c e s s 
Cd i n t h e l a y e r s a p p e a r s t o be t w o - f o l d : p r i n c i p a l l y 
an i n c r e a s e i n c a r r i e r c o n c e n t r a t i o n i s b r o u g h t a b o u t , 
b u t a l s o a r e d u c t i o n i n t h e h e i g h t o f t h e i n t e r -
c r y s t a l l i t e b a r r i e r s o c c u r s . 
F i n a l l y i t h a s been d e m o n s t r a t e d t h a t t h e 
o b s e r v e d p h o t o s e n s i t i v i t y o f t h e l a y e r s may be s o l e l y 
due t o t h e d i r e c t g e n e r a t i o n o f f r e e c a r r i e r s by t h e 
i l l u m i n a t i o n . 
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CHAPTER 10 ; SUMMARY OF CONCLUSIONS 
10.1 CdS THIN FILMS 
I n t h i s i n v e s t i g a t i o n p o l y c r y s t a l l i n e CdS t h i n 
f i l m s w i t h r e p r o d u c i b l e p r o p e r t i e s have been prepared 
by vacuum e v a p o r a t i o n o f the compound. I t has al s o 
proved p o s s i b l e t o understand the r e l a t i v e importance 
of t h e s u b s t r a t e temperature, d e p o s i t i o n r a t e and f i l m 
t h i c k n e s s i n c o n t r o l l i n g the p r o p e r t i e s o f the f i l m s 
by c o n s i d e r i n g the processes o f e v a p o r a t i o n and con-
d e n s a t i o n o f CdS. This i n v o l v e d the e q u i l i b r i u m approach 
u s i n g the CdS phase diagram, and the n o n - e q u i l i b r i u m 
approach i n which the d i s s o c i a t i o n o f CdS i n t o two 
species w i t h d i f f e r e n t s t i c k i n g c o e f f i c i e n t s was 
cons i d e r e d . Thus a f i l m w i l l c o n t a i n o n l y CdS i f t h e 
s u b s t r a t e temperature i s hig h e r than the c r i t i c a l 
temperatures f o r n u c l e a t i o n o f cadmium and su l p h u r . 
At low s u b s t r a t e temperatures both f r e e sulphur and 
f r e e cadmium may e x i s t unless very slow e v a p o r a t i o n 
r a t e s ( i . e . low source temperatures) are employed. 
The e q u i l i b r i u m t h e o r y p r e d i c t s t h a t the CdS 
source w i l l become r i c h i n cadmium w i t h t i m e , and since 
CdS evaporates c o n g r u e n t l y the de p o s i t e d f i l m w i l l 
become r i c h e r i n cadmium as an e v a p o r a t i o n proceeds. 
E x p e r i m e n t a l l y t h i s has been found t o have the e f f e c t 
( i ) o f l o w e r i n g the r e s i s t i v i t y by i n c r e a s i n g the 
c a r r i e r d e n s i t y , and ( i i ) o f i n c r e a s i n g the H a l l m o b i l i t y 
s l i g h t l y by red u c i n g the h e i g h t s o f the i n t e r c r y s t a l l i t e 
p o t e n t i a l b a r r i e r s . 
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The H a l l m o b i l i t y i s dominated by s u r f a c e 
s c a t t e r i n g phenomena i n f i l m s l e s s than one micron t h i c k , 
b u t w i t h t h i c k e r f i l m s i t i s c o n t r o l l e d by the i n t e r -
c r y s t a l l i t e b a r r i e r h e i g h t (about 0.09eV) which i s 
reduced by indium doping or excess cadmium. 
Metal i m p u r i t i e s from the source h e a t i n g element 
can be screened from the s u b s t r a t e by u s i n g focussed 
electron-beam e v a p o r a t i o n o f CdS. This has been found 
t o y i e l d f i l m s w i t h h i g h e r r e s i s t i v i t i e s than those 
produced from r e s i s t a n c e - h e a t e d sources f o r comparable 
e v a p o r a t i o n r a t e s . An e l e c t r o n microscopy study o f 
lOOoS t h i c k e p i t a x i a l CdS on (100) NaCl s u b s t r a t e s has 
r e v e a l e d t h a t hexagonal g r a i n s e x i s t i n those cubic 
f i l m s produced w i t h the r e s i s t a n c e - h e a t e d source. This 
i s t h o u g h t t o be due to metal c o n t a m i n a t i o n from the 
f i l a m e n t s i n c e no such g r a i n s were observed i n f i l m s 
produced u s i n g electron-beam e v a p o r a t i o n . 
Various o t h e r d e f e c t s i n e p i t a x i a l CdS i n c l u d i n g 
vacancy loops have a l s o been i d e n t i f i e d by t r a n s m i s s i o n 
e l e c t r o n microscopy. The p l a n a r d e f e c t d e n s i t y i n 
10 -2 
electron-beam evaporated f i l m s was l e s s than 4x10 cm , 
bu t mupht h i g h e r i n f i l m s prepared u s i n g the r e s i s t a n c e -
heated source. E l e c t r o n microscopy has also shown the 
e x i s t e n c e o f a p o s s i b l e phase t r a n s i t i o n from cubic t o 
hexagonal CdS i n e p i t a x i a l f i l m s removed from t h e i r 
s u b s t r a t e s . 
Other s t r u c t u r a l i n v e s t i g a t i o n s o f p o l y c r y s t a l l i n e 
CdS f i l m s u s i n g X-rays and r e f l e c t i o n e l e c t r o n microscopy 
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have shown t h a t a f i b r e a x i s o r i e n t a t i o n e x i s t s i n these 
l a y e r s , which becomes more pronounced w i t h i n c r e a s e s i n 
f i l m t h i c k n e s s or w i t h r e d u c t i o n s i n the e v a p o r a t i o n 
r a t e . This change i n o r i e n t a t i o n was i n s u f f i c i e n t t o 
e x p l a i n c ompletely the observed dependence of the 
e l e c t r i c a l p r o p e r t i e s on f i l m t h i c k n e s s . I n s t e a d , as 
s t a t e d above, the s t o i c h i o m e t r i c composition o f the f i l m 
i s p o s t u l a t e d t o change w i t h e v a p o r a t i o n t i m e . 
The p h o t o s e n s i t i v i t y o f the l a y e r s was found t o 
be e s s e n t i a l l y a phot o c o n d u c t i v e e f f e c t since t h e r e 
was very l i t t l e change i n the c a r r i e r H a l l m o b i l i t y 
which would have r e s u l t e d i f t h e r e had been an o p t i c a l 
r e d u c t i o n of the i n t e r c r y s t a l l i t e b a r r i e r h e i g h t s . 
I n c o n c l u s i o n i t i s i m p o r t a n t t o remember t h a t 
i n o r d e r t o grow r e p r o d u c i b l e f i l m s i t was necessary t o 
use a h o t - w a l l technique t o g e t h e r w i t h resublimed CdS 
as the source m a t e r i a l . 
10.2 CdSe THIN FILMS 
P o l y c r y s t a l l i n e CdSe f i l m s w i t h r e p r o d u c i b l e 
p r o p e r t i e s have been prepared e m p i r i c a l l y by s e t t i n g 
the s u b s t r a t e temperature and e v a p o r a t i o n r a t e t o p r e -
determined v a l u e s , b u t i t has also been p o s s i b l e t o 
understand the dominance o f source temperature over 
s u b s t r a t e temperature i n d e t e r m i n i n g the p r o p e r t i e s o f 
the r e s u l t a n t f i l m s by s t u d y i n g the e v a p o r a t i o n and 
condensation r e a c t i o n s o f CdSe. Although the importance 
of f i l m t h i c k n e s s was not f u l l y i n v e s t i g a t e d i t would 
seem l i k e l y from our r e s u l t s t h a t the H a l l m o b i l i t y i s 
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again determined by s u r f a c e s c a t t e r i n g i n t h i n f i l m s , 
and by i n t e r c r y s t a l l i t e b a r r i e r s , reduced i n h e i g h t by 
m e t a l l i c i m p u r i t i e s , i n t h i c k f i l m s . 
E l e c t r o n microscopy has shown the presence o f a 
h i g h d e n s i t y of p l a n a r d e f e c t s i n the e p i t a x i a l cubic 
CdSe l a y e r s prepared from a r e s i s t a n c e - h e a t e d source, 
and has a l s o shown t h a t o t h e r d e f e c t s such as i n c l u d e d 
6 — 2 
hexagonal g r a i n s , and vacancy loops (10 cm ) , e x i s t 
i n c e r t a i n o r i e n t a t i o n s i n the f i l m s . 
E l e c t r i c a l s t u d i e s have shown the ex i s t e n c e o f 
a l a r g e d i s t r i b u t i o n o f t r a p s i n the f o r b i d d e n energy 
gap, p a r t i c u l a r l y around 0.60eV below the cond u c t i o n 
band. 
P o l y c r y s t a l l i n e l a y e r s have been h e a t - t r e a t e d 
i n a i r a t 350°C w i t h the r e s u l t of f i r s t a r e d u c t i o n 
and then an i n c r e a s e i n the c o n d u c t i v i t y , due t o a 
combination o f r e c r y s t a l l i s a t i o n , d e f e c t a n n e a l i n g , and 
oxygen s o r p t i o n . The c a r r i e r d e n s i t y r a t h e r than the 
m o b i l i t y was more a f f e c t e d . 
I t was e s s e n t i a l t o use the h o t - w a l l t e c h n i q u e , 
t o g e t h e r w i t h resublimed CdSe i f h i g h q u a l i t y 
r e p r o d u c i b l e f i l m s were t o be prepared. 
10.3 CdS-Cu S PHOTOVOLTAIC JUNCTIONS 
Despite the f a c t t h a t the m a j o r i t y o f the l i g h t 
i s absorbed i n the p-Cu S top l a y e r , the p r o p e r t i e s o f 
the n-CdS base r e g i o n have been found t o determine 
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much of the behaviour o f these d e v i c e s , p a r t i c u l a r l y 
w i t h h e a t - t r e a t e d c e l l s . Copper-doped CdS i s the key 
t o u n d e r s t a n d i n g many o f the e x p e r i m e n t a l phenomena 
r e p o r t e d i n Chapter 7, s i n c e copper i s seen t o d i f f u s e 
i n t o n-CdS g i v i n g a compensated i-CdS r e g i o n w i t h b o t h 
p h o t o c o n d u c t i v e p r o p e r t i e s and the a b i l i t y t o absorb 
l i g h t t o c r e a t e f r e e e l e c t r o n s . 
I t was found t h a t the b e s t c e l l s had a base 
l a y e r doped w i t h copper and a r e s i s t i v i t y o f a few 
hundred ohm cm. Other dopants had v a r i o u s e f f e c t s on 
the secondary c h a r a c t e r i s t i c s o f the devices b u t d i d 
no t a l t e r t h e s p e c t r a l response and were g e n e r a l l y not 
b e n e f i c i a l . CdS:In was found t o y i e l d c e l l s w i t h l o n g 
response times and a l i n e a r response t o l i g h t i n t e n s i t y . 
CdS grown i n excess sulphur or cadmium was found t o have 
d i f f e r e n t r a t e s of copper d i f f u s i o n w i t h consequent 
e f f e c t s on the c e l l b ehaviour, b u t i n g e n e r a l the CdS:S 
c e l l s were poor. (Thin f i l m CdS i n any case c o n t a i n s 
excess cadmium r a t h e r than s u l p h u r ) . 
Baking the c e l l s was e s s e n t i a l t o achieve a 
h i g h OCV and a wide a b s o r p t i o n spectrum, but t h i s t r e a t -
ment always lengthened the response t i m e , which i s 
p r o b a b l y o f no importance f o r a power g e n e r a t o r . 
The s p e c t r a l response was d i v i s i b l e i n t o t h r e e 
bands: 
( i ) a band c e n t r e d on 4900& due t o band t o band 
a b s o r p t i o n i n the CdS; 
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( i i ) a band c e n t r e d on 6400A* due t o a b s o r p t i o n a t 
copper c e n t r e s i n the CdS, t o g e t h e r w i t h some d i r e c t 
band t o band a b s o r p t i o n i n the Cu S; 
( i i i ) a band c e n t r e d on 9000& due to i n d i r e c t band 
t o band a b s o r p t i o n i n the Cu„S. 
2 
O p t i c a l quenching e f f e c t s were observed from the i-CdS 
r e g i o n and were t y p i c a l o f the p h o t o c o n d u c t i v i t y 
quenching phenomena r e p o r t e d i n h i g h r e s i s t i v i t y CdS. 
F i n a l l y the s u r f a c e t r e a t m e n t of the CdS be f o r e 
c h e m i p l a t i n g was found t o be c r i t i c a l . A h i g h l y smooth 
s u r f a c e gave h i g h OCVs but low SCCs, and v i c e versa, f o r a 
rough s u r f a c e . 
10.4 FUTURE WORK 
There are many t o p i c s which have a r i s e n d u r i n g 
the course o f t h i s work which are worthy of f u r t h e r 
a t t e n t i o n . I t would be i n t e r e s t i n g t o study the 
rele v a n c e of the e q u i l i b r i u m t h e o r y versus the non-
e q u i l i b r i u m t h e o r y o f CdS e v a p o r a t i o n by p e r f o r m i n g 
an e v a p o r a t i o n i n a t o t a l l y enclosed c o n t a i n e r . The 
d i s t r i b u t i o n o f the cadmium, sulphur and CdS along the 
temperature g r a d i e n t between source and s u b s t r a t e on 
the w a l l s o f the c o n t a i n e r should p r o v i d e some u s e f u l 
i n f o r m a t i o n on the r o l e o f the ' h o t - w a l l ' i n the 
pr e s e n t work. 
I t would also be u s e f u l t o extend the study o f 
doped CdS l a y e r s e i t h e r by e v a p o r a t i n g doped CdS or 
CdS p l u s dopant. This would have relevance i n the study 
o f the importance o f excess cadmium i n evaporated CdS 
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l a y e r s , arid indeed, cadmium c o u l d be added t o the source. 
S i m i l a r l y the work on electron-beam e v a p o r a t i o n should 
be extended t o i n v e s t i g a t e the r e s i s t i v i t y versus 
t h i c k n e s s r e l a t i o n t o e l i m i n a t e e f f e c t s due t o the 
p o s s i b l e presence o f m e t a l - f i l a m e n t c o n t a m i n a t i o n . 
A study o f the temperature dependence o f the 
c a r r i e r H a l l m o b i l i t y i s r e q u i r e d t o d i s t i n g u i s h 
between s c a t t e r i n g by i m p u r i t i e s and s c a t t e r i n g by 
i n t e r c r y s t a l l i t e b a r r i e r s . This r e q u i r e s a c r y o s t a t 
w i t h a long warm-up p e r i o d t o enable the o f f - s e t v o l t a g e 
between the H a l l probes t o be balanced a t each 
temperature. 
Other p o s s i b l e experiments which could be 
performed i n v o l v e the h e t e r o j u n c t i o n s . Some experiments 
have a l r e a d y been suggested, such as a f u l l study o f 
the s u r f a c e t r e a t m e n t o f the CdS and a study o f photo-
c a p a c i t a n c e . Other work should be c a r r i e d out on the 
o p t i c a l quenching phenomena i n h i g h e f f i c i e n c y c e l l s by 
employing two l i g h t sources, b ut care would have t o be 
taken i n the r e l a t i v e i n t e n s i t i e s used. 
Some p r e l i m i n a r y work has been done i n co-
o p e r a t i o n w i t h another member of t h i s department 
(R. Cottam) i n t o the p r o d u c t i o n o f CdS t h i n f i l m p i e z o -
e l e c t r i c t r a n s d u c e r s f o r l a u n c h i n g u l t r a s o n i c waves 
i n t o GaAs c r y s t a l s . The tra n s d u c e r s prepared have been 
found t o have the advantages o f h i g h c o u p l i n g c o e f f i c i e n t , 
low n o i s e , and good mechanical s t a b i l i t y down t o l i q u i d 
h e l i u m temperatures. Both l o n g i t u d i n a l and t r a n s v e r s e 
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waves have been passed i n t o (100) and (110) GaAs 
c r y s t a l s i n order t o determine the e l a s t i c c o n s t a n t s 
of the m a t e r i a l by u l t r a s o n i c a t t e n u a t i o n measurements. 
The t r a n s d u c e r s so f a r d e p o s i t e d have low 1Q• values 
and t h e r e f o r e can be used over a wide frequency band 
(e.g. 30 t o 800 MHz f o r a 4 micron t h i c k CdS l a y e r , 
h e a t - t r e a t e d w i t h s i l v e r ) . This work i s w e l l w o rth 
f u r t h e r e f f o r t . 
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APPENDIX : CdSe THIN FILMS 
A . l PREPARATION OF THE FILMS 
A « 1 ; 1 This work was a c o n t i n u a t i o n o f t h a t s t a r t e d 
by K r y s i e w i c z and Woods (1970) on the e v a l u a t i o n o f CdSe 
t h i n f i l m s f o r use i n t h i n f i l m t r a n s i s t o r s o f the type 
d e s c r i b e d by S h a l l c r o s s (1963), Wilson and G u t i e r r e z (1965), 
Weimer (1964). There are many s i m i l a r i t i e s between the two 
compounds CdS and CdSe, b u t the s u c c e s s f u l p r e p a r a t i o n o f 
t h i n f i l m s o f these m a t e r i a l s was found t o r e q u i r e a 
d i f f e r e n t r a n k i n g o f the p r e p a r a t i o n parameters. 
A.1.2 The apparatus used t o prepare the CdSe l a y e r s 
was the c o n v e n t i o n a l 3" d i f f u s i o n pump system described i n 
Chapter 4, w i t h a few minor d i f f e r e n c e s i n the work-chamber 
f i x t u r e s . At f i r s t the ' h o t - w a l l ' s i l i c a c y l i n d e r was 
o m i t t e d , b u t i t was soon disc o v e r e d t h a t r e p r o d u c i b l e 
r e s u l t s c o u l d n o t be ob t a i n e d unless t h i s component was 
i n p o s i t i o n , f o r t h e e a r l y f i l m s were anomalously t h i n and 
possessed poor e l e c t r o n m o b i l i t i e s . The r e s i s t a n c e - h e a t e d 
s i l i c a c r u c i b l e was s m a l l e r than t h a t used f o r the CdS 
d e p o s i t i o n s , which placed an upper l i m i t on the CdSe f i l m 
t h i c k n e s s o f one micron. The electron-beam evaporator had 
y e t t o be purchased. 
As was found l a t e r f o r the CdS f i l m s , the type o f 
gl a s s used as a s u b s t r a t e was u n i m p o r t a n t , and the same 
c l e a n i n g procedure was employed. Most o f the r e s u l t s t o 
be d e s c r i b e d were o b t a i n e d from p o l y c r y s t a l l i n e CdSe on 
amorphous s u b s t r a t e s (microscope s l i d e s ) , b u t a number of 
a d d i t i o n a l f i l m s were grown e p i t a x i a l l y on (100) and (110) 
NaCl s u r f a c e s . 
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Indium c o n t a c t s on t o p o f the CdSe were not always 
ohmic, having n o n - l i n e a r I ( V ) c h a r a c t e r i s t i c s a t low b i a s 
v o l t a g e s . Consequently most of the p o l y c r y s t a l l i n e f i l m s 
were grown on gl a s s s u b s t r a t e s w i t h p r e d e p o s i t e d g o l d 
c o n t a c t s , which were found t o behave most s a t i s f a c t o r i l y . 
A.2 STRUCTURAL AND ELECTRICAL PROPERTIES 
A.2.1 The s t r u c t u r e of these p o l y c r y s t a l l i n e f i l m s 
was n o t examined i n such d e t a i l as w i t h the CdS f i l m s , 
b u t a l t h o u g h the importance o f the f i l m t h i c k n e s s was 
t h e r e f o r e n o t f u l l y a p p r e c i a t e d a t t h a t t i m e , two standard 
t h i c k n e s s e s were adopted o f 1800 8 and 5000 A*. 
By changing the s u b s t r a t e temperature from 100°C t o 
325°C and the d e p o s i t i o n r a t e from 20 t o 1000 8/minute, 
i t was p o s s i b l e t o grow a v a r i e t y o f f i l m s w i t h dark 
4 5 
r e s i s t i v i t i e s r a n g i n g from 1 x 10 t o 3 x 10 ohm cm. 
This range o f values i s s m a l l e r than t h a t covered d u r i n g 
the CdS i n v e s t i g a t i o n . A decrease i n r e s i s t i v i t y o f 40 
t o 80 times was produced by i l l u m i n a t i n g these f i l m s w i t h 
2 
75 mW cm of w h i t e l i g h t . From measurements of the 
temperature dependence of the r e s i s t i v i t y o f s e v e r a l f i l m s 
the a c t i v a t i o n energies f o r co n d u c t i o n were c a l c u l a t e d , 
f o l l o w i n g the P e t r i t z - p o l y c r y s t a l l i n e f i l m model. The 
room temperature H a l l m o b i l i t y i n the dark was g e n e r a l l y 
l a r g e r than f o r CdS f i l m s , w i t h values r a n g i n g from 3 t o 
30 cm V S . An e x p l o r a t o r y i n v e s t i g a t i o n of TSC, and 
of the s p e c t r a l response of the p h o t o c o n d u c t i v i t y completed 
the work performed. A l l of these r e s u l t s w i l l now be 
dis c u s s e d more f u l l y . 
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A. 2 .2 Fi g u r e A . l shows the dark r e s i s t i v i t y 
o b t a i n e d from s e v e r a l combinations of d e p o s i t i o n r a t e and 
s u b s t r a t e temperature f o r two f i l m t h i c k n e s s e s . I t i s 
n o t i c e a b l e t h a t the s u b s t r a t e temperature had l i t t l e 
e f f e c t on the r e s i s t i v i t y a l t h o u g h an i n c r e a s e i n t h i s 
v a r i a b l e d i d produce a s m a l l i n c r e a s e i n r e s i s t i v i t y . The 
d e p o s i t i o n r a t e was much more e f f e c t i v e i n producing a 
r e s i s t i v i t y change. F i g u r e A . l shows t h a t an increase i n 
r a t e gave r i s e t o a decrease i n r e s i s t i v i t y , as has also 
been r e p o r t e d by Wilson and.Gutierrez (1965). The opposite 
e f f e c t was r e p o r t e d by Brodie and Lacombe (1967), and by 
S h a l l c r o s s (1966) who used s u b s t r a t e s a t room temperature 
o n l y . 
I t i s obvious t h a t the p r o p e r t i e s of CdSe f i l m s are 
more s e n s i t i v e t o changes i n the d e p o s i t i o n r a t e than t o 
changes i n the s u b s t r a t e temperature. This was p a r t i c u l a r l y 
apparent f o r the 1000 A t h i c k cubic (100) l a y e r s grown 
e p i t a x i a l l y on NaCl s u b s t r a t e s . These f i l m s w i l l be 
d e s c r i b e d more f u l l y l a t e r , but a t t e n t i o n i s drawn to 
F i g u r e A.2 which shows the " i n - p l a n e " r e s i s t i v i t i e s 
o 
possessed by f o u r of these l a y e r s grown a t 300 C a t r a t e s 
of 5 t o 7 8/minute. Nearly an order o f magnitude change 
i n r e s i s t i v i t y was produced, which could not be e x p l a i n e d 
by a s t r a i g h t - f o r w a r d improvement i n e p i t a x i a l q u a l i t y 
s i n c e the f i l m w i t h the lowest number of low angle g r a i n 
boundaries was t h a t grown a t 5.7 S/minute. 
A.2.3 A s t r a i g h t l i n e was again o b t a i n e d when the 
l o g o f the p h o t o s e n s i t i v i t y was p l o t t e d a g a i n s t the l o g o f 
the dark r e s i s t i v i t y (see F i g u r e A.3), but the p h o t o s e n s i t i v i t y 
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of the CdSe l a y e r s was much highe r than t h a t of the CdS 
l a y e r s . 
R e s u l t s from only one l o t of f l o w - p u r i f i e d CdSe 
are shown. T h i s was l o t 514 purchased from Derby 
Luminescents L t d . A second batch (602) from the same s o u r c e , 
a l s o f l o w - p u r i f i e d , r e p e a t e d l y f a i l e d to give r e p r o d u c i b l e 
r e s u l t s , and the f i l m s grown from i t had uneven matt s u r f a c e s . 
The e p i t a x i a l l a y e r s grown from t h i s batch of CdSe were 
i n v a r i a b l y poor, w i t h p o l y c r y s t a l l i n e a r e a s and a high d e f e c t 
d e n s i t y . 
A.2.4 The H a l l m o b i l i t y was not i n v e s t i g a t e d as 
a f u n c t i o n of the t h i c k n e s s , but f o r c o n s t a n t t h i c k n e s s and 
d e p o s i t i o n r a t e the m o b i l i t y f e l l w i t h i n c r e a s i n g s u b s t r a t e 
temperature (see F i g u r e A.4). For c o n s t a n t t h i c k n e s s and 
s u b s t r a t e temperature the m o b i l i t y rose with d e p o s i t i o n 
r a t e . I t i s probable t h a t s i m i l a r m o b i l i t y v e r s u s t h i c k n e s s 
c u r v e s can be obtained f o r CdSe f i l m s as have been d e s c r i b e d 
e a r l i e r f o r CdS, but we were unable to confirm t h i s i n the 
time a v a i l a b l e . 
A.2.5 The photoconductive s p e c t r a l response, 
c o r r e c t e d to c o n s t a n t i n c i d e n t energy, i s shown i n F i g u r e A.5 
f o r a t y p i c a l f i l m a t room temperature and a t 100°K. The 
only s t r u c t u r e i s a s m a l l hump on the band edge a b s o r p t i o n 
near 6000 % a t 100°K, and a corresponding change of slope 
on the 300°K c u r v e . The i n c r e a s i n g p h o t o c u r r e n t f o r wave-
l e n g t h s g r e a t e r than 1.5 microns i n d i c a t e s t h a t i m p u r i t y 
l e v e l s may be a c t i v e i n the p h o t o s e n s i t i v i t y phenomenon. 
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A.2.6 The temperature dependence of the dark 
r e s i s t i v i t y i s shown i n F i g u r e A.6 f o r the two f i l m s w i t h 
the most extreme g r a d i e n t s . A l l of the remaining f i l m s , 
t o g e t h e r w i t h those d e p o s i t e d by K r y s i e w i c z and Woods (1970), 
g i v e r e s u l t s which l i e w i t h i n t hese two l i n e s . These two 
1800 8 t h i c k samples were grown on g l a s s a t 45 X/minute, 
C-9 a t 325°C and C-27 a t 100°C. C-27 had an a c t i v a t i o n 
energy f o r conduction of 0.59 eV a t low temperatures and 
0.35 eV a t s l i g h t l y h i g h e r temperatures. T h i s was the 
only sample w i t h two a c t i v a t i o n e n e r g i e s . C-9 had an 
a c t i v a t i o n energy of 0.28 eV. 
I n t h i s i n v e s t i g a t i o n i t was the low r e s i s t i v i t y 
f i l m s d e p o s i t e d a t low r a t e s (45 R/minute) on s u b s t r a t e s 
a t low temperatures which had the h i g h e r a c t i v a t i o n e n e r g i e s . 
T h i s i s i n c o n t r a s t to the r e s u l t s of Shimizu (1965) who 
r e p o r t e d t h a t low s u b s t r a t e temperature, low r e s i s t i v i t y 
CdSe f i l m s had a c t i v a t i o n e n e r g i e s of 0.14 eV, and high 
s u b s t r a t e temperature, high r e s i s t i v i t y f i l m s had a c t i v a t i o n 
e n e r g i e s of about 0.40 eV. K r y s i w i c z and Woods (1970) used 
r a t e s of about 1000 X/minute and found t h a t low s u b s t r a t e 
temperature, low r e s i s t i v i t y f i l m s had low a c t i v a t i o n 
e n e r g i e s , i n agreement w i t h Shimizu. 
Under i l l u m i n a t i o n the samples gave high temperature 
p l o t s which became curved, tending to a lower but i n d e t e r -
minate a c t i v a t i o n energy than i n the dark. At low 
temperatures the p h o t o c a r r i e r s appeared to swamp the 
i n t r i n s i c c a r r i e r s and an approximately h o r i z o n t a l p l o t 
r e s u l t e d . 
FIG. A6 Temperature D#p r of Dark Resistivit y 
Polycrystalline CdSe Films on Glass 
8 
10 
C-27 C-9 
€=0-59eV 6028eV 
IO 
10 
IO5 
£ 0 3 5 e V 
I I i IO 
6 4 2 
( T V ) 
- 168 -
A.2.7 F i g u r e A.7 shows the TSC curve f o r sample 
C-27. T h i s i s t y p i c a l of the r e s u l t s o b t a i n e d from CdSe 
f i l m s i n the p r e s e n t i n v e s t i g a t i o n i n t h a t no c l e a r l y 
d e f i n e d peaks were ob t a i n e d . However, C-27 had a s m a l l 
TSC peak a t about 280°K, s i m i l a r i n shape to a curve 
p u b l i s h e d by Okimura and S a k a i (1968) f o r one of t h e i r f i l m s , 
a l s o d e p o s i t e d on a 100°C s u b s t r a t e . K i n d l e y s i d e s and 
Woods (1970) have observed a TSC peak f o r CdSe s i n g l e 
c r y s t a l s a t 270 K which they a t t r i b u t e d to a t r a p 0.59 eV 
below the conduction band. Although a n a l y s i s of TSC peaks 
r e q u i r e s the shape of the curve to be taken i n t o c o n s i d e r a -
t i o n , the v a l u e of 0.59 eV does suggest a c o r r e l a t i o n 
between the deep t r a p and the a c t i v a t i o n energy f o r conduction 
of C-27 (0.59 eV ) . Okimura and Sak a i measured the photo-
c u r r e n t of t h e i r f i l m s as a f u n c t i o n of l i g h t i n t e n s i t y and 
deduced from the b r e a k p o i n t on the p l o t of p h o t o c u r r e n t 
v e r s u s l i g h t i n t e n s i t y t h a t the f i l m p o s s e s s e d a deep t r a p 
a t 0.60 eV. A deep t r a p a t 0.60 eV i n bulk CdSe has a l s o 
been r e p o r t e d by Bube and Barton (1958). 
The shape of the f u l l TSC curves f o r our CdSe f i l m s 
s u g g e s t s t h a t t h e r e i s a very l a r g e number of d i s c r e t e 
l e v e l s w i t h i n the for b i d d e n energy gap. 
A.3 HEAT-TREATMENT OF THE CdSe FILMS 
A.3.1 A popular technique f o r improving the 
t r a n s p o r t p r o p e r t i e s of I I - V I t h i n f i l m s i s to s u b j e c t them 
to one of the forms of p o s t - d e p o s i t i o n h e a t - t r e a t m e n t 
d i s c u s s e d i n Chapter 3. Okimura and S a k a i (1968) a re among 
those workers who have employed t h i s technique w i t h CdSe 
FIG. A7TS.C. of CdSe Polycrystalline Film on Glass. 
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l a y e r s , and they have s t a t e d t h a t the s u b s t r a t e temperature 
i s l e s s i mportant than the p o s t - d e p o s i t i o n h e a t i n g 
temperature, i f h i g h l y p h o t o s e n s i t i v e f i l m s a r e to be 
o b t a i n e d . 
A.3.2 Some of the f i l m s prepared f o r the p r e s e n t 
i n v e s t i g a t i o n were s u b j e c t e d to s u c c e s s i v e p e r i o d s of h e a t -
t r e a t m e n t a*t 350°C i n an open tube f u r n a c e . A summary of 
the dark r e s i s t i v i t y changes which were observed i s g i v e n 
g r a p h i c a l l y i n F i g u r e A.8 f o r t h r e e 1800 A t h i c k specimens. 
The p l o t t e d p o i n t s mark the times a t which the samples were 
removed from the f u r n a c e and quenched to room temperature 
i n an a i r stream, a f t e r which t h e i r r e s i s t i v i t i e s , photo-
s e n s i t i v i t i e s and H a l l m o b i l i t i e s were determined. 
With a l l the samples examined the dark r e s i s t i v i t y 
f o l l o w e d a smooth curve w i t h d u r a t i o n of h e a t i n g , r e a c h i n g 
_ o a maximum v a l u e a f t e r about 1% hours a t 350 C. Only C-10 
was observed to s u f f e r an i n i t i a l f a l l i n r e s i s t a n c e . 
The p h o t o s e n s i t i v i t y f o l l o w e d the dark r e s i s t i v i t y 
and a l s o r e ached a maximum a f t e r l j hours a t 350°C, but 
the H a l l m o b i l i t y was l i t t l e a f f e c t e d by t h i s t r e a t m e n t . 
(C-27 f o r i n s t a n c e had a m o b i l i t y which i n c r e a s e d from 28 
2 - 1 - 1 o to 32 cm V S a f t e r t h r e e hours a t 350 C ) . 
A.3.3 Prolonged h e a t i n g was observed to produce 
s u b s t a n t i a l r e c r y s t a l l i s a t i o n of the f i l m s . Laue back-
r e f l e c t i o n X-ray photographs became s h a r p e r and the 
o r i g i n a l l y d i f f u s e r i n g s became more c l e a r l y d e f i n e d , 
although no spot s appeared (see F i g u r e A.9a and b ) . 
With sample C-10 the X-ray l i n e - w i d t h d e c r e a s e d a p p r o x i -
o 
mately four times a f t e r t h r e e hours a t 350 c , but a c c u r a t e 
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microphotometer t r a c e s were i m p o s s i b l e to o b t a i n . A s i m i l a r 
d i f f i c u l t y had appeared f o r the CdS f i l m s . 
None of the f i l m s was photoluminescent (even a f t e r 
c o o l i n g to l i q u i d n i t r o g e n temperatures) although luminescence 
might have been expected i f the r e c r y s t a l l i s a t i o n had 
proceeded f a r enough. 
A . 3 . 4 I t i s suggested t h a t the changes i n 
e l e c t r i c a l p r o p e r t i e s f o l l o w i n g h e a t - t r e a t m e n t were due to 
a combination of the s o r p t i o n of oxygen, r e c r y s t a l l i s a t i o n 
and the a n n e a l i n g out of d e f e c t s . I n i t i a l l y the oxygen 
s o r p t i o n predominates, and an i n c r e a s e i n r e s i s t i v i t y i s the 
r e s u l t . Such an e f f e c t has been r e p o r t e d by Bube (1957) 
and Somorjai (1963) f o r s i n g l e c r y s t a l and t h i n f i l m CdSe 
r e s p e c t i v e l y . F u r t h e r h e a t i n g a n n e a l s d e f e c t s and promotes 
c r y s t a l growth which r e s u l t s i n a r e d u c t i o n of the number 
of t r a p s (Okimura and S a k a i , 1968) and i n t e r c r y s t a l l i t e 
b o u n d a r i e s , and hence both the f r e e c a r r i e r c o n c e n t r a t i o n 
and the m o b i l i t y begin to r i s e . 
A. 4 EPITAXIAL LAYERS 
A.4.1 The amount of p u b l i s h e d work on e p i t a x i a l 
l a y e r s of CdSe i s much s m a l l e r than t h a t on CdS, and many 
of the r e p o r t s omit much important d e t a i l . Holt (1966) has 
reviewed the s u b j e c t of d e f e c t s i n e p i t a x i a l semiconducting 
f i l m s w i t h the s p h a l e r i t e s t r u c t u r e , and i n c l u d e d some 
r e f e r e n c e s to CdSe. Other r e l e v a n t r e s e a r c h i n c l u d e s t h a t 
of Berger e t a l (1964) on s u r f a c e r e p l i c a s of e p i t a x i a l CdSe, 
Ludeke and P a u l (1967) on CdSe grown on (111) B a F 2 , and 
Yasuda (1968) on v e r y t h i n l a y e r s of CdSe l a y e r s f o r growth 
s t u d i e s . 
- 171 -
I n t h i s s e c t i o n we s h a l l d e s c r i b e r e s u l t s from a 
number of s p h a l e r i t e (100) and (110) CdSe l a y e r s grown on 
NaCl s u b s t r a t e s c l e a v e d i n a i r . The dark r e s i s t i v i t y of 
some of the (100) l a y e r s has a l r e a d y been shown i n F i g u r e A.2 
as a f u n c t i o n of d e p o s i t i o n r a t e . I t should be noted t h a t 
f o r t h e s e samples the r e s i s t i v i t y i n c r e a s e d w i t h d e p o s i t i o n 
r a t e , perhaps due to an unproven i n c r e a s e i n d e f e c t c o n t e n t . 
The p h o t o s e n s i t i v i t y was s l i g h t l y h i g h e r than would be 
expected from F i g u r e A.3, s i n c e the r e s i s t i v i t y v e r s u s 
p h o t o s e n s i t i v i t y p l o t had a s h a l l o w e r slope than the 
c o r r e s p o n d i n g p l o t f o r p o l y c r y s t a l l i n e f i l m s . 
A.4.2 The f i l m s were removed from t h e i r s u b s t r a t e s 
i n water and examined by t r a n s m i s s i o n e l e c t r o n microscopy. 
The e a r l y (100) e l e c t r o n d i f f r a c t i o n p a t t e r n s were poor, 
c o n t a i n i n g many f i n e e x t r a s p o t s , although p o l y c r y s t a l l i n e 
r i n g s were not p r e s e n t . I t was soon d i s c o v e r e d t h a t t h i s 
was due to the high d e p o s i t i o n r a t e s employed (over 60 £/minute) 
and when r a t e s of 4-10 X/minute were s u b s t i t u t e d the 
d i f f r a c t i o n p a t t e r n s became much c l e a n e r . A r a t e of 5 X/minute 
and a s u b s t r a t e temperature of 300°C were found to y i e l d the 
b e s t q u a l i t y (100) f i l m s . (See F i g u r e A.10). 
These (100) l a y e r s gave s p l i t spot d i f f r a c t i o n 
p a t t e r n s over some of t h e i r a r e a s , and i t was only p o s s i b l e 
to determine t h e i r o r i g i n by use of b r i g h t - and d a r k - f i e l d 
m icroscopy, and by t i l t i n g the specimen, as was d e s c r i b e d 
i n Chapter 5. However, comparison w i t h the p a t t e r n s g i v e n 
by P a s h l e y and S t o w e l l (1963) f o r fee (100) gold f i l m s 
i n d i c a t e s t h a t some of t h e s e e x t r a f e a t u r e s were due to 
i n c l u d e d w u r t z i t e g r a i n s and not to t w i n n i n g . Other 
Fig.A.10 (100) E p i t a x i a l CdSe 
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' s p l i t t i n g p a t t e r n s ' on some micrographs were caused by 
p l a n a r d e f e c t s i n the {111} p l a n e s , and t h e s e f e a t u r e s 
v a n i s h e d as the specimen was t i l t e d . 
D i s l o c a t i o n l i n e s were observed on one high q u a l i t y 
f i l m of (100) o r i e n t a t i o n , d e p o s i t e d a t 7 A/minute on to 
NaCl a t 300°C, but only a f t e r s t o r a g e On a g r i d i n a i r f o r 
s e v e r a l weeks. T h i s sample had v e r y l i t t l e spot s p l i t t i n g 
and no s t r e a k i n g due to p l a n a r d e f e c t s . 
A.4.3 A few (110) f i l m s were grown on NaCl and 
showed s i m i l a r d e f e c t s to those of the e a r l y (100) l a y e r s . 
The poorer f i l m s had micrographs c o n t a i n i n g spot and f r i n g e 
c o n t r a s t , and s t r e a k s between the d i f f r a c t i o n spots i n the 
(111) d i r e c t i o n (see F i g u r e A.11). By employing d a r k - f i e l d 
t e c h n i q u e s , and by t i l t i n g the specimen, i t was apparent 
t h a t many of the f r i n g e p a t t e r n s were due to the ' s t r e a k y ' 
p a r t of the d i f f r a c t e d beams. These f e a t u r e s have g e n e r a l l y 
been a t t r i b u t e d to p l a n a r d e f e c t s (see Chapter 5 ) . 
Some a r e a s of the same f i l m s p o s s e s s e d loops about 
300-600 % long by 150 X a c r o s s (about lO^cm 2 ) (see 
F i g u r e A.12), s i m i l a r to those r e p o r t e d by H o l t (1971) f o r 
CdS d e p o s i t e d on high temperature (111) BaF s u b s t r a t e s . 
These a r e l i k e l y to be vacancy c l u s t e r s . 
A.4.4 The s t r e a k s due to p l a n a r d e f e c t s were 
e l i m i n a t e d by paying a t t e n t i o n to the c l e a n i n g and l o a d i n g 
p r o c e d u r e , and by u s i n g the optimum growth c o n d i t i o n s 
d e s c r i b e d above. The CdSe l a y e r s s t i l l f a i l e d to r e a c h the 
same degree of p e r f e c t i o n as t h a t a c h i e v e d w i t h CdS. T h i s 
i s thought to be due to the poor q u a l i t y source m a t e r i a l 
and to the absence of a c l e a n e v a p o r a t i o n t e c h n i q u e such 
J . • < 
9 
P x g . A . l l ( a ) S e l e c t e d Area o f (110) CdSe 
Fig.A.11(b) D i f f r a c t i o n P a t t e r n from (a) 
» 
4 0 0 A 
• 
Fig.A.12 D e f e c t s i n (110) CdSe F i l m 
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as e l e c t r o n - b e a m h e a t i n g . I t was i m p o s s i b l e t o grow 
e p i t a x i a l l a y e r s f r o m u n t r e a t e d CdSe, o r f r o m f l o w c r y s t a l s 
w h i c h were t o o f i n e l y g r o u n d (and so gave n o n - u n i f o r m 
d e p o s i t i o n r a t e s ) . 
A.5 CONCLUSIONS 
T h i s i n v e s t i g a t i o n was n e c e s s a r i l y i n c o m p l e t e , b u t 
s e v e r a l u s e f u l r e s u l t s were o b t a i n e d , w i t h b o t h c o n t r a s t i n g 
and s i m i l a r e f f e c t s t o t h o s e o b s e r v e d l a t e r w i t h CdS f i l m s . 
The c o n c l u s i o n s drawn f r o m t h e measurements a r e 
l i s t e d b e l o w : 
A. 5 .1 For p o l y c r y s t a l l i n e CdSe f i l m s on g l a s s 
(a) The h o t - w a l l method i s e s s e n t i a l f o r 
r e p r o d u c i b l e r e s u l t s f r o m a r e s i s t a n c e - h e a t e d s o u r c e . 
(b) R e s i s t i v i t y i n c r e a s e d w i t h s u b s t r a t e 
o o 
t e m p e r a t u r e o v e r t h e range 100 -325 C. 
(c) R e s i s t i v i t y d e c r e a s e d w i t h d e p o s i t i o n 
r a t e o v e r t h e ran g e 21-960 8/minute. 
(d) The d e p o s i t i o n r a t e d o m i n a t e d i n t h i s 
p r o c e s s . 
(e) H a l l m o b i l i t y d e c r e a s e d w i t h s u b s t r a t e 
o o 
t e m p e r a t u r e o v e r t h e range 100 -325 C. 
( f ) H a l l m o b i l i t y i n c r e a s e d w i t h r a t e o v e r t h e 
r a n g e 21-960 2/minute. 
(g) The r e s i s t i v i t y changes w i t h g r o w t h 
c o n d i t i o n s a r e due o n l y p a r t i a l l y t o changes i n e l e c t r o n 
m o b i l i t y . 
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(h) The a c t i v a t i o n e n e r g i e s f o r c o n d u c t i o n i n 
t h e s e f i l m s a r e d i s t r i b u t e d between t h e e x t r e m e s o f 0.28 
and 0.59 eV (when c a l c u l a t e d a c c o r d i n g t o t h e P e t r i t z t h e o r y ) . 
( i ) A l t h o u g h t h e p h o t o s e n s i t i v i t y and H a l l m o b i l i t y 
o f t h e s e f i l m s i s g r e a t e r t h a n i n t h e CdS f i l m s , t h e 
m o b i l i t y i s one o r two o r d e r s s m a l l e r t h a n i n b u l k CdSe. 
T h i s f a c t t o g e t h e r w i t h (h) above i n d i c a t e s t h e e x i s t e n c e 
o f i n t e r c r y s t a l l i t e b a r r i e r s and t r a p s , as has p r e v i o u s l y 
been s u g g e s t e d by t h e measurements o f B r o d i e and Yeh ( 1 9 6 8 ) , 
Van Heek ( 1 9 6 8 ) , J S n i c h e and B e r g e r (1969) and K a r p o v i c h 
and Zvonkov (1969) on CdSe l a y e r s . 
( j ) From TSC measurements on one low s u b s t r a t e 
t e m p e r a t u r e f i l m i t a p p e a r s t h a t t h e r e i s a deep t r a p a t 
0.59 eV w h i c h has a d i r e c t c o r r e l a t i o n w i t h t h e a c t i v a t i o n 
e n e r g y f o r e l e c t r i c a l c o n d u c t i o n i n t h a t f i l m . 
(k) H e a t - t r e a t m e n t i n a i r a t 350°C p r o d u c e d 
r e c r y s t a l l i s a t i o n . The r e s i s t i v i t y i n c r e a s e d i n i t i a l l y 
and t h e n f e l l a f t e r 1 % h o u r s h e a t i n g . The H a l l m o b i l i t y 
was i n c r e a s e d s l i g h t l y by t h e p r o c e s s . Oxygen i s b e l i e v e d 
t o p l a y an i m p o r t a n t p a r t i n c h a n g i n g t h e t r a n s p o r t 
p r o p e r t i e s i n t h i s manner, b u t w i t h p r o l o n g e d h e a t i n g t h e 
changes were d o m i n a t e d by r e c r y s t a l l i s a t i o n and by t h e 
a n n e a l i n g o f i m p e r f e c t i o n s . 
A.5.2 For e p i t a x i a l CdSe on NaCl 
(a) The r e s i s t i v i t y o f c u b i c (100) CdSe l a y e r s 
was v e r y s e n s i t i v e t o t h e d e p o s i t i o n r a t e , and d e c r e a s e d 
-2 
a t l e a s t 50 t i m e s under i l l u m i n a t x o n w i t h 75mWcm o f 
w h i t e l i g h t . 
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(b) The s p o t s p l i t t i n g o b s e r v e d on d i f f r a c t i o n 
p a t t e r n s f r o m p o o r e r (100) samples was due t o i n c l u d e d 
g r a i n s w i t h t h e w u r t z i t e s t r u c t u r e and n o t t o t w i n n i n g . 
( c ) I f a s u b s t r a t e t e m p e r a t u r e o f 300°C and a 
d e p o s i t i o n r a t e o f 5 A/minute were employed, t h e n p l a n a r 
d e f e c t s were e l i m i n a t e d , and no s a t e l l i t e d i f f r a c t i o n s p o t s 
e x i s t e d . 
(d) The s o u r c e m a t e r i a l had t o be f l o w - p u r i f i e d 
b o t h f o r good e p i t a x y and t o o b t a i n r e p r o d u c i b l e p o l y -
c r y s t a l l i n e l a y e r s . 
A.5.3 Many s u g g e s t i o n s can be made f o r t h e 
d i r e c t i o n t o aim i n f u t u r e work on CdSe t h i n f i l m s , b u t 
t h e most r e w a r d i n g w o u l d be a deeper i n v e s t i g a t i o n o f t h e 
d e f e c t s i n b o t h p o l y c r y s t a l l i n e and e p i t a x i a l l a y e r s . T h i s 
s h o u l d be p e r f o r m e d on e l e c t r o n - b e a m e v a p o r a t e d f i l m s , and 
s h o u l d i n v o l v e t h e t e c h n i q u e s o f b r i g h t - and d a r k - f i e l d 
e l e c t r o n m i c r o s c o p y . 
To c o m p l e t e t h e s t u d i e s on p o l y c r y s t a l l i n e CdSe 
l a y e r s a d e t e r m i n a t i o n o f t h e i m p o r t a n c e o f f i l m t h i c k n e s s 
s h o u l d be u n d e r t a k e n . 
A f u r t h e r i n t e r e s t i n g t o p i c w o u l d i n v o l v e t h e 
p r e p a r a t i o n o f mi x e d CdS/CdSe l a y e r s (as r e p o r t e d by Yu 
and Weng, 1970) t o see how t h e c o n f l i c t o f d o m i n a n t 
s u b s t r a t e t e m p e r a t u r e (CdS) and d o m i n a n t d e p o s i t i o n r a t e 
(CdSe) i s r e s o l v e d . 
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